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ABSTRACT 
 
 
 
The demand for concrete as a construction material has increased due to its durability and 
low cost, the growth of the world’s population and the rapid development of the construction 
industry. The increased usage of concrete consequently increases the use of Portland cement 
and leads to high emissions and energy consumption. In consideration of the environmental 
concerns, the reduction of the use of Portland cement by replacing part of it with 
supplementary cementitious materials such as fly ash has become extremely important. The 
research presented here aims to replace over 60% of cement with fly ash in the production of 
concrete without causing any adverse effects on the properties of concrete. 
 
The research commenced with a comprehensive literature review to identify the possible 
options for developing high-volume fly ash (HVFA) concrete. The review of published work 
revealed that there was a gap in knowledge on the development of concrete mixes with high 
volumes (over 60%) of fly ash with 28-day compressive strengths comparable to that of 
ordinary Portland cement (OPC) concrete, while maintaining normal production processes. 
One disadvantage of HVFA concrete is the low early strength or slower strength gain 
compared to OPC concrete. In order to address the low strength of HVFA concrete observed 
in the research literature, three possible measures were identified and examined in a 
systematic experimental program for over 60% of cement replacement by fly ash. It was 
noted that the lime released during hydration of the small amount of cement present in the 
mix was inadequate to activate the large proportion of fly ash. Hence, the addition of 
limewater as mixing water was examined as the first strategy to improve the strength of 
HVFA concrete. Reducing the particle size of fly ash and increasing the temperature of 
mixing water to enhance the pozzolanic reaction were two other strategies examined. 
 
The experimental program was conducted in three stages. Stage one of the experimental 
program included the measurement of the short-term (7 to 56 days) properties of concrete 
with three different replacement levels, 50%, 65% and 80%, of cement with fly ash. The 
short-term properties measured were compressive strength, flexural strength, modulus of 
elasticity and drying shrinkage of the concrete. Mix variables examined included three 
different concentrations of limewater, ultra-fine particle sized fly ash and the change in 
 vi 
 
temperature of the mixing water. Results of the seventeen mixes of Stage 1 revealed that a 
mix design with 65% cement replaced with fly ash made with concentrated limewater as 
mixing water could offer similar mechanical properties to OPC concrete at 7, 28 and 56 days. 
It was confirmed that limewater and ultra-fine fly ash contributed to the strength development 
of HVFA concrete. 
 
Stage two of the experimental program examined short-term properties of the optimised mix 
design, such as compressive strength, flexural strength, indirect tensile strength, modulus of 
elasticity and short-term drying shrinkage. The results for the short-term properties of HVFA 
concrete were analysed and compared with the results of equivalent control OPC concrete 
and the values recommended by Australian Standards. All the short-term properties of HVFA 
concrete with 65% cement replaced with fly ash were superior or comparable to an equivalent 
OPC concrete. The strength development mechanisms of HVFA concrete with limewater 
were analysed using microstructural studies conducted using scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy (EDAX). It was observed that the HVFA 
concrete had much less Ca(OH)2 remaining in the mix compared to OPC. It was also noted 
that the amount of lime required to activate 65% fly ash was significantly more than that 
provided by limewater. 
 
The last stage of the experimental work focused on the long-term properties of HVFA 
concrete, such as creep and shrinkage measured over a one-year period. The results of creep 
and drying shrinkage tests were compared with eight different models from different sources. 
Whilst the creep of HVFA concrete was observed to be much less than that of the OPC 
concrete, drying shrinkage was observed to be higher. A closer analysis indicated that early 
age drying shrinkage of HVFA concrete might be much higher than the equivalent OPC 
concrete, unless an appropriate curing regime was adopted in the first 14 days. However, 
cylinders taken out of water at 14 days presented much lower drying shrinkage values. 
 
The research reports the development of a new mix design to produce a HVFA concrete with 
65% cement replaced with fly ash, which can be manufactured using normal production 
processes adopted for OPC concrete. The new concrete has superior or comparable short-
term and long-term properties, with the exception of drying shrinkage. The drying shrinkage 
of the new concrete can be reduced using stringent curing regimes in the first 14 days. 
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CHAPTER 1  
 
 
INTRODUCTION 
 
 
1.1 Background 
 
 
Concrete is the most widely-used construction material in the world due to its durability and 
low cost. The growth of the world’s population and the rapid development of the construction 
industry have led to an increase in the demand for concrete as a construction material. In 
2011, world cement output was estimated at 3.4 billion metric tons (U.S.G.S., 2012), while 
about 3.6 billion tons of cement was produced in 2012 (IMF, 2013), up from 1.37 billion tons 
in the year 1994 (U.S.G.S., 2012). Cement production is also a relatively significant source of 
global carbon dioxide (CO2) emissions, accounting for approximately 4.5% of global CO2 
emissions from industry in 2007 (Marland et al., 2008). In 1964, as reported by Brunauer 
(cited in Mehta, 2004), the world annual concrete consumption was 3 billion tons. The 
production of concrete contributes to 7% of the world’s CO2 emissions, and is the main 
contributor to the greenhouse gas effect and the global warming of the planet (Malhotra, 
1999). Each tonne of cement releases approximately 1 tonne of CO2 to the environment 
(Malhotra and Mehta, 2002; Subramanian, 2012). In light of environmental concerns, it is 
crucial to reduce the use of Portland cement in concrete production by using supplementary 
cementitious materials. These supplementary cementitious materials include fly ash, silica 
fume, ground granulated blast furnace slag, rice-husk ash and metakaolin. It is also vital to 
find alternative binders to Portland cement (Yen et al., 2007; Bakri et al., 2011; Li and Zhao, 
2003; Liu, 2010; Melo and Carneiro, 2010). 
 
The research reported here used fly ash as a supplementary cementitious material to replace 
Portland cement in concrete production. Fly ash is a by-product of the combustion of ground 
or powdered coal in a coal-fired power station (Nawy, 1996). The abundant availability of fly 
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ash worldwide makes this industrial by-product of burning coal, which would usually be 
discarded as a destructive environmental pollutant, to be widely used as cement replacement 
in concrete. The use of these waste products in concrete is increasing due to the lower cost of 
construction, improved workability, superior physical, mechanical and durability of the 
concrete and significant savings in energy by reducing the amount of cement used in the 
production of concrete. 
 
The use of low volumes of fly ash as a binder has been observed to improve concrete 
properties, both in fresh and hardened concrete. This is due to the high content of silica 
(SiO2) in fly ash that binds the calcium hydroxide Ca(OH)2 coming from the cement 
hydration process (Atis, 2003). The Ca(OH)2 affects the quality of the concrete negatively by 
creating cavities due to its solubility in water and its low strength (Oner et al., 2005). The 
durability of concrete with fly ash incorporated is better than that of normal concrete (Nawy, 
1996). The use of fly ash as well as ultra-fine fly ash (UFFA) as concrete admixture at low or 
high content for producing high-strength concrete has also been examined (Poon et al., 2000).  
 
One solution explored by researchers is the use of high volumes of fly ash as cement 
replacement (Bilodeau and Malhotra, 2000). Malhotra at CANMET (Canada Centre for 
Mineral and Energy Technology) in the 1980s introduced high-volume fly ash (HVFA) 
concrete after conducting some research on it. HVFA concrete is concrete with at least 50% 
of Portland cement by mass replaced with ASTM (American Society for Testing and 
Materials) Class F or Class C fly ash (Malhotra and Mehta, 2005). Although fly ash concrete 
has many advantages, it usually demonstrates lower strength at early ages, especially in the 
case of HVFA concrete. One method to achieve the same early age strength as normal 
Portland cement is by using elevated curing temperatures (Elsageer et al., 2009). However, 
elevated curing temperatures can be expensive to implement and create durability issues in 
concrete such as microcracking.  
 
Particle size or the fineness of fly ash significantly affects the pozzolanic activity of fly ash. 
The particle size of fly ash ranges from 1-150 µm and largely depends on the type of dust 
collection equipment (Siddique, 2008). As reported by Obla et al. (2003), Mehta (1985) has 
observed that a majority of the reactive particles in fly ash are actually less than 10 µm in 
diameter. In 1986 Butler and Mearing as reported in Xu (1997) found that fly ash particles 
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larger than 10 µm mainly act as void fillers in concrete, whereas particles smaller than 10 µm 
are more reasonably classified as pozzolanic reactive particles. 
 
Another factor that might improve the pozzolanic reaction of fly ash is the addition of lime in 
the mix proportions of fly ash concrete. Previous research has shown that the use of lime 
putty in fly ash concrete increases the durability properties of concrete (Mira et al., 2002). In 
addition, the use of lime powder in HVFA concrete increases its compressive strength in 
comparison to HVFA concrete without lime (Barbhuiya et al., 2009). The use of lime in 
liquid form has been used by RMIT researchers to improve the properties of HVFA concrete 
(Solikin, 2012). The short-term properties such as compressive strength, Young’s modulus 
and tensile strength have been shown to be comparable to normal strength concrete in these 
mixes at replacement levels of 50%. However, no reported work has addressed replacement 
levels above 50% and the long-term properties of HVFA concrete such as creep and drying 
shrinkage. For HVFA concretes to be accepted by designers, a good understanding of their 
long-term properties such as creep and drying shrinkage is essential. The present study 
addresses this research need and continues investigations on higher replacement levels of fly 
ash concrete using normal production processes and producing strengths and properties 
comparable to those of OPC concrete. 
 
The following sections of this chapter discuss the aim, objectives and scope of this 
investigation, followed by an outline of the thesis. 
 
 
1.2 Aims of the Research 
 
The aim of this research project was to develop a better performing high-volume fly ash 
(HVFA) concrete with more than 50% replacement of cement with fly ash that will be 
comparable to OPC concrete in both short- and long-term properties. A comprehensive study 
of the short- and long-term properties of HVFA concrete was undertaken. Further work 
explored increasing the percentage replacement of cement with high volumes of raw fly ash 
or ultra-fine fly ash (UFFA) with different concentrations of limewater and optimising the 
short- and long-term properties of HVFA concrete. A comprehensive experimental program 
was conducted on HVFA concrete to establish the compressive strength, modulus of 
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elasticity, modulus of rupture and tensile strength of HVFA concrete. The project also aimed 
to understand the long-term deformation of HVFA concrete through a study of creep and 
shrinkage. 
 
 
1.3 Research Objectives 
 
The objectives of the research are as follows: 
 
 To examine the following strategies to increase the percentage replacement of fly ash 
without compromising compressive strength. 
– the use of limewater as mixing water to provide more Ca(OH)2 for the 
pozzolanic reaction of fly ash 
– the reduction of fly ash particle size to enhance the reactivity of fly ash 
– an examination of the effect of the temperature of mixing water to enhance the 
reaction 
 To test the material in the laboratory to establish short-term and time-dependent 
properties of HVFA concrete. 
 To develop a HVFA concrete production process without compromising the cost of 
the manufacturing process nor the rate of strength development. 
 To investigate the effect of fly ash particle size on the strength of HVFA concrete. 
 To investigate the effect of concentration of limewater on the properties of HVFA 
concrete. 
 To understand the mechanism of strength gain of HVFA concrete with ultra-fine fly 
ash (UFFA) and limewater.   
 
 
 
 
 
 
 5 
 
 
1.4 Scope 
 
The scope of the work covered the development of a concrete mix with over 60% of fly ash 
replacement of cement to produce short-term mechanical properties similar to those of 
ordinary Portland cement (OPC) with similar total binder content. To study the strength 
development and mechanical properties of high-volume fly ash (HVFA) concrete, three 
factors were investigated: particle size of fly ash, different concentrations of mixing water 
and the temperature of the mixing water.  
 
This research commenced with a series of 50%, 65% and 80% different cement replacement 
levels with fly ash concrete and the testing of short-term mechanical properties to find the 
best mix proportion of HVFA concrete. Subsequently, the research continued with 65% fly 
ash replacement of HVFA concrete which was tested for compressive strength, modulus of 
elasticity, flexural strength, indirect tensile strength, creep and shrinkage measurement. 
Furthermore, to investigate the microstructure of concrete scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy (EDAX) were used. 
 
 
1.5 Outline of the Thesis 
 
To achieve the objectives, a well-planned research program was vital. The thesis is divided 
into ten chapters, and a brief description of each is outlined below. 
 
 
1.5.1 Chapter 1: Introduction 
 
Chapter 1 introduces the background, aim, objectives and scope of the research. It also 
outlines the organisation of the thesis. 
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1.5.2 Chapter 2: Improving Sustainability of Concrete by Incorporating Fly Ash  
 
Chapter 2 reviews the literature on the need for the development of sustainable concrete 
material. The types and particle size of fly ash in improving properties of concrete are studied. 
This chapter also reviews the use of fly ash in concrete in detail.  
 
 
1.5.3 Chapter 3: Geopolymer Concrete 
 
Chapter 3 reviews the typical constituent materials and manufacturing processes of 
geopolymer concrete, its short-term and long-term properties and its typical applications.  
 
 
1.5.4 Chapter 4: High-Volume Fly Ash (HVFA) Concrete 
 
Chapter 4 reviews the typical constituent materials and manufacturing processes of high- 
volume fly ash (HVFA) concrete and its short- and long-term properties and typical 
applications. Gaps in research on HVFA concrete are also discussed.  
 
 
1.5.5 Chapter 5: Research Methodology  
 
Chapter 5 discusses the mechanism of pozzolanic action in fly ash concrete. The methods of 
improving reaction by reducing particle size and addition of hydrated lime into concrete 
mixes are studied. It also presents the research questions and the research methodology.  
 
 
1.5.6 Chapter 6: Experimental Program, Materials, Equipment and Procedures 
 
Chapter 6 presents the experimental program, materials and equipment used to produce high- 
volume fly ash (HVFA) concrete. The procedures of manufacturing, curing and testing short-
term and time-dependent concrete properties are also discussed. 
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1.5.7 Chapter 7: Short-Term Properties of High-Volume Fly Ash Concrete with 
50%, 65% and 80% Cement Replacement 
 
Chapter 7 investigates the short-term properties of different replacement levels of fly ash 
concrete with different concentrations of limewater and particle sizes of fly ash. This chapter 
presents the outcomes of research on the effect of different concentrations of limewater as 
mixing water and different particle sizes of fly ash. The results are compared to find the best 
optimum mix proportion for the next stage of the experimental work.  
 
 
1.5.8  Chapter 8: Short-Term Properties of Optimum High-Volume Fly Ash 
Concrete with 65% Cement Replacement with Fly Ash 
 
Chapter 8 explores the short-term properties of concrete with 65% cement replacement by fly 
ash. Two types of 65% fly ash concrete, raw fly ash and ultra-fine fly ash (UFFA), are 
manufactured for testing. Compressive strength, modulus of elasticity, flexural strength, 
indirect tensile strength and slump tests are conducted. All the results of high-volume raw fly 
ash concrete and UFFA concrete are compared with the OPC control mix. This chapter also 
presents a discussion on the microstructural analysis of these concretes. 
 
 
1.5.9  Chapter 9: Creep and Drying Shrinkage of Fly Ash (65% Replacement) 
Concrete 
 
Chapter 9 discusses the creep and drying shrinkage results of concrete with 65% cement 
replacement by fly ash. All the results of both the high-volume raw fly ash concrete and the 
ultra-fine fly ash concrete are compared with the OPC control mix and the predictions of 
different models.  
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1.5.10 Chapter 10: Conclusions and Recommendations 
 
Chapter 10 summarises the conclusions of the work reported in the thesis and provides 
recommendations for future research. 
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CHAPTER 2  
 
 
IMPROVING SUSTAINABILITY OF CONCRETE BY 
INCORPORATING FLY ASH 
 
 
2.1  Introduction 
 
 
Concrete is the most popular construction material and is used in very high quantities 
worldwide. The world production of cement is continuing and grew to of 3.6 billion tonnes in 
2011 (Global Carbon Capture and Storage Institute, 2013). The manufacturing of ordinary 
Portland cement (OPC) is estimated to be responsible for around 8% of all carbon dioxide 
(CO2) emissions released to the atmosphere from concrete worldwide (Flower and Sanjayan, 
2007). Each tonne of cement produced generates an approximately equal amount of carbon 
dioxide, which is released to the environment. A major challenge faced by the concrete 
industry in the current environment is the high levels of carbon emissions associated with the 
production of cement. Therefore, it is crucial to develop measures in order to improve the 
sustainability of the material.  
 
This chapter presents the reasoning behind the need for the development of a more 
sustainable material. The use of fly ash in concrete is examined in detail.  
 
 
2.2  Need for Development of a Sustainable Concrete Material 
 
Concrete is a composite material in which coarse and fine aggregates are bound with cement 
paste (Neville, 1996). It is used in our buildings, bridges, roads, foundations and other 
constructions. With the estimated global population of 7.3 billion in 2014 (UNFPA, 2014), 
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the concrete utilisation is 21 billion tonnes per year (Mehta and Meryman, 2009). The 
production of cement is increasing by around 3% annually (McCaffrey, 2002). The 
contribution of Portland cement production worldwide to greenhouse gas emissions in 2002 
was estimated to be responsible for about 7% of all the greenhouse gas emissions to the 
earth’s atmosphere (Malhotra, 2002b) as the production of one ton of cement releases 
approximately one ton of carbon dioxide (CO2) into the atmosphere and requires about 0.005 
TJs of energy (Subramanian, 2012; Hammond and Jones, 2008). The release of CO2 is caused 
by the decarbonation of limestone in the kiln during cement production and the combustion 
of fossil fuels (Roy, 1999). Cement is also among the most energy-intensive construction 
materials, after aluminium and steel (Hardjito and Rangan, 2005). 
 
Global warming is caused by the emission of greenhouse gases such as CO2 to the 
environment due to human activities. Of the greenhouse gases, CO2 contributes to about 65% 
of global warming, which increases the global temperature and may result in climate change 
(McCaffrey, 2002). Climate change is attributed to not only global warming, but also to the 
paradoxical global dimming due to pollution in the atmosphere. Global dimming is related to 
the reduced amount of sunlight reaching the earth due to the pollution particles in the air 
blocking the sunlight. The effect of global dimming may be reduced by reducing air pollution 
(Fortune, 2005). Therefore, the global warming phenomenon should be considered more 
critically, and any action that could reduce the effect should be given more consideration and 
effort (Hardjito and Rangan, 2005). 
 
The use of cement in concrete has raised some issues on the sustainability of the material, 
considering that the production of each tonne of cement releases approximately one tonne of 
CO2 to the environment. This concern has led to the exploration of many supplementary 
cementitious materials which could replace large proportions of the cement used to produce 
concrete. In order to produce environmentally-friendly concrete, Mehta (2002) suggested the 
use of fewer natural resources and less energy in order to minimise CO2 emissions. 
Furthermore, McCaffrey (2002) suggested that the amount of CO2 emissions released by the 
cement industry can be reduced by decreasing the amount of calcined material in cement, the 
amount of cement in concrete and the number of buildings using cement. Reducing the usage 
of cement is not only beneficial to the environment, it can also reduce the cost of concrete 
production.  
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Geopolymer concrete presents one extreme of such innovations, where 100% fly ash or slag 
is used instead of cement in manufacturing concrete. The use of fly ash in concrete not only 
produces high-strength and high-performance concrete, but also enables concrete to cope 
with the coal combustion waste problem. In order to have a significant impact on reducing 
the amount of CO2 gas released into the atmosphere from the concrete industry, it is 
necessary to support the use of concrete with large amounts of fly ash incorporated as a 
replacement for cement (Hardjito and Rangan, 2005). One disadvantage of the material is the 
complex curing regimes needed to achieving strength comparable to that of cement-based 
concrete. Heat curing is required to develop the early strengths needed for structural 
applications. However, heat curing increases energy consumption and hence is considered to 
be more energy-intensive. The details of geopolymer concrete are discussed in Chapter 3. 
 
Another material which is attracting attention at present is high-volume fly ash (HVFA) 
concrete, which overcomes the issues associated with curing. HVFA concrete uses high 
volumes of fly ash (more than 50%) to replace the Portland cement content. Replacement 
levels as high as 60% have been reported to be successful (Hardjito and Rangan, 2005). Fly 
ash influences the rheological properties of fresh concrete and the strength, finish, porosity, 
and durability of hardened concrete (Mindess et al., 2003; Malhotra and Ramezanianpour, 
1994). Fly ash delivers measurable economic and structural benefits. Its worldwide 
availability, its outstanding structural contributions to strength and durability and its 
relatively economical cost create a constant demand for fly ash in the construction industry. 
Many efforts are being made by researchers to reduce the use of Portland cement in concrete 
and improve the properties of fly ash concrete to make it a sustainable material for future use. 
 
 
2.3  Fly Ash 
 
Fly ash is a by-product of coal-based thermal power plants. It is defined as ‘the finely divided 
residue that results from the combustion of ground or powdered coal and that is transported 
by flue gasses from the combustion zone to the particle removal system’ according to the 
American Concrete Institute (ACI) Committee 116R (ACI Committee 232, 2004). It is 
removed from the combustion gases by the dust collection system, either mechanically or by 
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using electrostatic precipitators, as very fine particles, predominantly spherical glassy, before 
they are discharged to the atmosphere (Hardjito and Rangan, 2005).  
 
Fly ash is a pozzolanic material and is used as a supplementary cementitious material (SCM) 
in the range of 10 to 25% of the cementitious portion in concrete mixes (Hardjito and 
Rangan, 2005). Pozzolans that are commonly used in concrete include fly ash, silica fume, 
ground granulated blast furnace slag and a variety of natural pozzolans such as calcined clay 
and shale, and volcanic ash. When used as a partial replacement for OPC in the presence of 
water and at ambient temperature, fly ash, which has a high content of silicon dioxide (SiO2) 
reacts with the calcium hydroxide, Ca(OH)2, that is produced in the cement hydration process 
to form calcium-silicate-hydrate (C-S-H) gel, which can improve the properties of both fresh 
and hardened concrete (Oner et al., 2005; Hardjito and Rangan, 2005; Niemuth, 2012). These 
pozzolanic reactions start to happen at 1 to 3 days or after a week and generally most of the 
benefits from the pozzolanic reactions are seen at 28 days and beyond (Niemuth, 2012). 
These pozzolanic reactions are beneficial to concrete, as they increase the quantity of the 
cementitious binder phase (C-S-H) and, to a lesser extent, calcium-aluminate hydrates, 
improving the long-term strength and reducing the permeability of the system. Both of these 
mechanisms enhance the durability of concrete. The utilisation of fly ash, especially in 
concrete production, has a number of advantages as follows (American Concrete Institute, 
1999; ACAA, 2003; Hardjito and Rangan, 2005; Laskar and Talukdar, 2008; Ahmaruzzaman, 
2010; Malhotra, 1990; Hansen, 1990; Thomas and Matthews, 1992; Bilodeau et al., 1994; 
Naik et al., 1998; Ramlochan et al., 2003; Poon et al., 2001; Lee et al., 2003; Miranda et al., 
2005; Zain et al., 1999; Yucel, 2006; Boel et al., 2007; Elahi et al., 2010; Shehata and 
Thomas, 2000; Plowman and Cabrera, 1996): 
 
1. Increases ultimate concrete strength 
2. Improves durability to aggressive chemical attack 
3. Is more economical than Portland cement and reduces cost of construction 
4. Reduces the heat of hydration (first used in mass concrete construction in the building 
of Hungry Horse Dam, Montana in 1948) (USBR, 1948) 
5. Low temperature rise during initial hydration prevents cracking, especially in massive 
structures 
6. Improved long-term concrete performance 
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7. Reduces expansion by alkali-silica reaction (ASR) 
8. Increases resistance to sulfate attack 
9. Reduces chloride ion penetration 
10. Reduces the corrosion rate of steel embedded in concrete 
11. Reduces concrete mix segregation and bleeding (water loss at the surface after 
placement and improvement in the cohesiveness of the material) 
12. Reduces concrete shrinkage during curing 
13. Reduces the amount of water required in mixes 
14. Reduces the amount of sand needed in mixes 
15. Reduces permeability (increases concrete’s resistance to water penetration) 
16. Improves rheological behaviour and workability (microscopic, spherical-shaped 
particles create a more flowable, easier-to-finish concrete) 
17. Improves ease of pumping (pumping requires less energy and longer pumping 
distances are possible) 
18. Creates more solid C-S-H components through pozzolanic activity that fill the 
capillary pores 
19. Improves finishing (easier to achieve smooth architectural surfaces) 
20. Lightens the colour of concrete 
21. Higher electrical resistivity 
22. Reduces use of energy 
23. Reduces greenhouse gas emissions 
24. Reduces amount of fly ash that must be disposed in landfills and saving of the other 
natural resources and materials 
25. Fulfills Leadership in Energy and Environmental Design (LEED) points (LEED 
Materials and Resources (MR) 4.1, Reclaimed Materials/Recycled Content) and is 
routinely specified on many green projects 
26. Meets the guidelines of many building codes, design guidelines and standards that 
encourage fly ash recycling in concrete 
27. Meets American Society for Testing and Materials (ASTM) standards and test 
methods (ASTM C618-08, ASTM C1240-12 and ASTM C311-07)  
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2.3.1 Types of Fly Ash 
 
Fly ash is a very fine particulate material that looks and feels like talcum powder. The colour 
of fly ash can be tan to dark grey, depending on its source and chemical and mineral 
constituents (Malhotra and Ramezanianpour, 1994; ACAA, 2003). The typical fly ash 
produced from Australian power stations is light to mid-grey in colour, similar to the colour 
of cement powder. It is classified as a pozzolan and with its high silica content is used by 
concrete producers as a supplementary cementitious material (SCM) in concrete mixes. The 
performance of fly ash in concrete is strongly influenced by its physical, mineralogical and 
chemical properties. The physical and chemical characteristics depend on the combustion 
methods, coal source and particle shape (Hardjito and Rangan, 2005). The types and relative 
amounts of incombustible matter in the coal have a major influence on the chemical 
composition of fly ash. In addition, the burning conditions within a power plant can also 
affect the properties of the fly ash. Fly ash from sub-bituminous coal contains more calcium 
and less iron than fly ash from bituminous coal (Hardjito and Rangan, 2005; Niemuth, 2012). 
The chemical compositions of various fly ashes show a wide range, indicating that there are 
wide variations in the coal used in power plants all over the world (Malhotra and 
Ramezanianpour, 1994).  
 
The four main constituents of fly ash are the oxides of silicon (SiO2), aluminium (Al2O3), 
iron (Fe2O3) and calcium (CaO), whereas magnesium (MgO), potassium (K2O), sodium 
(Na2O), titanium (TiO2), and sulphur (SO3) are also present in lesser amounts (Nawy, 1996). 
Fly ashes are categorised in three classes: Class N, F, and C based on their chemical 
compositions (ACI Committee 232, 2004; Solikin, 2012). To be classified as ASTM 
Specification C618 Class F fly ash or low-calcium fly ash and Class N fly ash, the sum of the 
SiO2, Al2O3, and Fe2O3 constituents of a fly ash must be greater than 70%, whereas for Class 
C fly ash or high-calcium fly ash, the sum of the SiO2, Al2O3, and Fe2O3 constituents of the 
fly ash must be between 50 and 70% (ASTM C618-08, 2008; ACI Committee 232, 2004; 
Niemuth, 2012). Class F and Class N fly ashes have low calcium oxide (CaO) contents, 
whereas Class C fly ash has high calcium oxide content (mostly more than 20%) (Solikin, 
2012; Hardjito and Rangan, 2005). 
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In general, Class C fly ash or high-calcium fly ash has both cementitious and pozzolanic 
properties and is normally produced from burning lignite or sub-bituminous coal that meets 
the applicable requirements for this class, as discussed above. Class C fly ash contains 
calcium-alumino-silicate glass and a wide variety of crystalline phases in addition to those 
found in low-calcium fly ash. The majority of its mineral constituents react in the presence of 
water, allowing both pozzolanic and cementitious reactions to occur (Crowley, 2012). These 
fly ashes will react and harden when mixed with water due to the formation of cementitious 
hydration products. If the calcium content of the fly ash is high enough, it is possible to make 
concrete with moderate strength using the fly ash as the sole cementing material (Cross et al., 
2005). Some Class C fly ashes may contain lime contents higher than 10% (ACI Committee 
232, 2004; Niemuth, 2012; Crowley, 2012; Mahoutian, 2012). 
 
Class F fly ash or low-calcium fly ash is normally produced from burning anthracite or 
bituminous coal that meets the applicable requirements for this class, as discussed above. 
Class F fly ashes typically have very little or no cementitious properties and are primarily 
pozzolanic (Crowley, 2012). They are mainly composed of alumina-silicate glasses with 
varying amounts of crystalline quartz, mullite, hematite and magnetite and less than 10% of 
CaO. These crystalline phases are essentially inert in concrete and the glass requires a source 
of alkali or lime (for example, Ca(OH)2) to react and form cementitious hydrates. Most of 
Australian fly ash belongs to the category of ASTM Class F low-calcium fly ash, and 
comprises 80 to 85% of silica and alumina (Heidrich, 2002). Class F fly ash is preferred in 
the production of fly ash concrete and geopolymer concrete due to its high content of 
amorphous aluminosilicate phases, greater workability and the higher availability of reactive 
silica and alumina (Sindhunata, 2006; Adam, 2009; Ravikumar, 2012). 
 
Apart from the chemical composition, the other characteristics of fly ash that are generally 
considered are loss of ignition (LOI), fineness and uniformity. The calcium content of the fly 
ash is perhaps the best indicator of how the fly ash will behave in concrete (Thomas et al., 
1999), although other compounds such as the alkalis (Na2O and K2O), carbon (usually 
measured as LOI), and sulfate (SO3) can also affect the performance of the fly ash. In 
addition to providing an indication of the mineralogy and reactivity of the fly ash, the calcium 
content is also useful in predicting how effective the fly ash will be in terms of reducing the 
heat of hydration (Thomas et al., 1995), controlling expansion due to alkali-silica reaction 
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(Shehata and Thomas, 2000), and providing resistance to sulfate attack (Shashiprakash and 
Thomas, 2001). 
 
LOI is a measurement of unburnt carbon remaining in the ash and it affects the quality by 
increasing the water demand and reducing the fineness and the pozzolanic activity (Adam, 
2009; Crowley, 2012). Carbon may also be present in the fly ash due to incomplete 
combustion of the coal. Typical Class C fly ashes have less than 1% carbon, while some 
Class F fly ashes may contain up to 20%, based on LOI tests (ACI Committee 232, 2004). 
The unburnt carbon determines the interaction level of the soluble ions present, and, if 
coupled with any inconsistency in amounts of carbon, can negatively affect air entrainment in 
concrete (Crowley, 2012). Problematic effects with air entrainment can eventually lead to 
durability problems in concrete (Crowley, 2012). ASTM specifies limits on the LOI to ensure 
the quality of materials being used (Crowley, 2012). 
 
Fineness is defined as “the percent by weight of the material retained on the 0.044 mm (No. 
325) sieve” (Crowley, 2012). Fineness is controlled by two conditions: processing and 
gradation (Crowley, 2012). The fineness of fly ash mostly depends on the operating 
conditions of coal crushers and the grinding process of the coal itself (Hardjito, 2005; 
Crowley, 2012). A coarser gradation has higher amounts of carbon present, making the fly 
ash less reactive, while finer gradation generally results in a more reactive ash, which 
contains less carbon (Hardjito and Rangan, 2005; Crowley, 2012). Further processing can 
refine the fly ash, making the fly ash more reactive (Crowley, 2012).  
 
 
2.3.2 Use of Fly Ash in Concrete 
 
To produce more sustainable and environmentally-friendly concrete, one of the efforts is to 
reduce the use of cement by partially replacing the amount of cement in concrete with by-
product materials such as fly ash. Fly ash has been widely used as either an addition or as a 
cement replacement in concrete applications during the past fifty years (Varga, 2013). As a 
cement replacement, fly ash plays the role as an artificial pozzolan, where its silicon dioxide 
content reacts with the calcium hydroxide from the cement hydration process to form the 
calcium-silicate-hydrate (C-S-H) gel.  
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Fly ash has been available since the 1930s (Lee, 2002). Studies of fly ash in Portland cement 
concrete began in the 1930s when large quantities of fly ash, which mainly comes from coal-
burning electric power plants, became available as pozzolanic material. The first research 
available on the use of fly ash was carried out by the Cleveland Electric Illuminating 
Company and The Detroit Edison Company in 1932 (Yadava et al., 1987). However, the use 
of fly ash in concrete was first carried out by Davis and his associates in University of 
California in 1937 (Davis et al., 1937; Solikin, 2012). Although extensive research was 
carried out throughout the world to promote the use of fly ash in construction, only a few 
milestones could be achieved in developed countries up to 1960.  
 
The concrete industry is one of the most important entities using this abundant waste 
material. The estimated annual production of coal ash in 1998 was more than 390 million 
tons worldwide (Malhotra, 1999). The key contributors to this amount were China and India. 
Only about 14% of this fly ash was utilised, while the rest was disposed in landfills 
(Malhotra, 1999). By the year 2000 world production of fly ash was estimated as 600 million 
tons per year (Bilodeau and Malhotra, 2000). Based on a world survey, only 16.1% or 
approximately 90 million tons was utilised. Nevertheless, the total amount of fly ash used in 
concrete was about 27.9 million tons, consisting of 2.8 million tons used as cement raw 
materials, 7.6 million tons in blended cement, and 17.5 million tons for cement replacement 
(Lohtia and Joshi, 1995; Solikin, 2012). Ash production in Australia in 2000 approximated 12 
million tons, with only 5.5 million tons being used (Heidrich, 2002). In 2001, the annual 
production of fly ash in the United States of America (U.S.A) was about 68 million tons. 
Only 32% of this was used in various applications, such as in concrete, structural fills, waste 
stabilisation or solidification (ACAA, 2003). By the year 2010, the amount of fly ash 
produced worldwide was estimated to be about 780 million tons annually (Malhotra, 2002a).  
 
In the early years, fly ash was used in the construction of massive structures such as dams 
because it could reduce the construction cost by replacing cement with fly ash. However, 
following extensive research, it was verified that fly ash can improve concrete properties. The 
utilisation of fly ash, especially in concrete production and the construction industry, has 
significant sustainability and environmental benefits, such as efficiently reducing the clinker 
factor, the use of energy, greenhouse gas production, amount of fly ash disposal in landfills, 
cost of fly ash disposal, leading to more efficient land use, and saving of other natural 
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resources and materials (Varga, 2013; Malhotra, 1999; Worrell et al., 2001; Mehta, 2002; 
McCaffrey, 2002; Mahoutian, 2012; Topcu and Canbaz, 2007; Ahmaruzzaman, 2010). It is 
well known that during the production of Portland cement, a large amount of CO2 is emitted 
from calcination of the raw materials such as limestone, as well as the burning fuel (Smith, 
2005). By using fly ash in concrete, the cement content required to achieve a specified 
strength can be decreased, hence reducing CO2 emissions.  
 
Fly ash can be utilised in various engineering applications such as blended cement, concrete, 
bricks, backfill, road embankments, transportation structures, wall tiles, glass ceramics, dams 
and other hydraulic structures (Varga, 2013; Davis et al., 1937; Halstead, 1986; Helmuth, 
1987; Malhotra and Ramezanianpour, 1994; ACI Committee 232, 2004). The use of fly ash 
in concrete has grown dramatically over the last 50 years, with about 15 million tons being 
used in concrete, concrete products and grouts in the U.S.A in 2005 (ACAA, 2006). 
Traditionally, fly ash used in structural concrete as a replacement or supplementary material 
is limited to 15–25% cement replacement (Berry et al., 1994; ACI Committee 211, 1993). 
The actual amount used varies widely depending on the application, the properties of the fly 
ash, specification limits, and the geographic location and climate. Higher levels (30% to 
50%) have been used in massive structures such as foundations and dams to control 
temperature rise. In recent decades, concrete mix designs have been developed by many 
researchers, producers and transportation agencies, and it has been shown that higher dosage 
levels (40% to 60%) can be used in structural applications to produce concrete with good 
mechanical properties and durability (Marceau et al., 2002; Varga, 2013). In addition, by 
increasing the durability of the concrete, the life cycle costs of structures can be significantly 
reduced.  
 
The effective quantity of cement that can be replaced by fly ash is usually not more than 30% 
(Neville, 2000). However, an important achievement in the use of fly ash in concrete is the 
development of high-volume fly ash (HVFA) concrete that successfully replaces the use of 
OPC in concrete by up to 60% and yet possesses excellent mechanical properties with 
enhanced durability (Sumajouw and Rangan, 2006). The HVFA technology has been trialled 
in the field, for example in the construction of roads in India, which implemented 50% OPC 
replacement by fly ash (Desai, 2004). Nevertheless, there are some obstacles to implementing 
higher dosages of fly ash. The obstacles include strict limits on the maximum usage of fly ash 
permitted and the time of the year that it can be used (Varga et al., 2012), delays in set time 
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(Bentz et al., 2010a) and strength development that slow construction operations, and 
concerns about providing enough and proper curing (Varga, 2013). A typical Class C 
concrete bridge in the state of Indiana required 390 kg/m
3
 of cementitious material, of which 
no more than 20 % of cement by mass was replaced by fly ash (Varga, 2013).  
 
 
2.3.3 Particle Size of Fly Ash 
 
Fly ash particles are typically spherical and the size is generally finer than that of Portland 
cement and lime, ranging in diameter from less than 1 µm to no more than 150 µm 
(Shanthakumar et al., 2010; Hardjito and Rangan, 2005; Obla et al., 2003). The spherical 
shape of fly ash can improve the workability of fresh concrete, while its small particle size 
acts as a filler of voids in concrete and can improve concrete durability (Hardjito and Rangan, 
2005). As the particle size decreases, the surface area per unit of mass increases and the 
reactivity increases, since they are controlled by diffusion on the surface (Niemuth, 2012). 
Lee et al. (2003) showed that fineness has a greater effect on reactivity than glass content 
(Niemuth, 2012). Particle sizes of less than 10 μm will proportionally influence the 
pozzolanic activity of fly ash, whereas particles larger than 45 μm show little or no 
pozzolanic property (Mehta, 1985; Malhotra and Mehta, 1996; Niemuth, 2012; Solikin, 2012). 
 
The rate of reaction and the resulting physical properties are dependent on the chemistry of 
the amorphous phase and the particle size of the fly ash (Mehta, 1989; Niemuth, 2012). In 
one study of low-calcium fly ashes, the particle size distribution had little effect on the 
compressive strength of pastes made with cement, fly ash and water (Niemuth, 2012). As the 
particle size decreases, the CaO, alkalis and sulphates increase, while as the particle size 
increases, the Al2O3 increases (Niemuth, 2012). Antiohos et al. (2005) revealed an increase in 
the amorphous silica with an increase in the size fraction of the fly ash, which is linked to the 
pozzolanic reactivity (Antiohos et al., 2005; Niemuth, 2012). 
 
Raw fly ash can be ground to produce smaller particle sized ultra-fine fly ash (UFFA) with an 
average particle size of 3 microns. When used as a mineral admixture, this will improve the 
concrete performance by increasing pozzolanic reactivity, and reducing water demand. UFFA 
is therefore becoming an alternative for expensive, highly reactive pozzolanic material such 
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as silica fume (Obla et al., 2003). UFFA can be produced by grinding raw fly ash or by using 
selective classification using air classifiers. Both techniques are very expensive. However, the 
technique is recently becoming commercially available to produce UFFA (Solikin, 2012). A 
proprietary separation system is used to produce UFFA by utilising selective classification. 
The system can produce UFFA with an average particle size of 3 µm with 90% of the 
particles less than 7 µm (Solikin, 2012). Previous research has shown that the addition of 
either 12% of UFFA by weight of cement or the addition of 8% of silica fume give the same 
improvement of concrete compressive strength at the age of 28 days (Solikin, 2012).  
 
Sengul et al. (2005) utilised a ball mill type of grinder to grind raw fly ash and the technique 
increased the surface area of raw fly ash from 222 m
2
/kg to 604 m
2
/kg (Sengul et al., 2005). 
The increase of the fineness increased the pozzolanic reactivity of fly ash, which can be seen 
by the little reduction in the compressive strength of concrete but greater resistance to 
chloride penetration. The study showed that replacing 50% of the cement content with fine 
fly ash significantly increased the durability of the concrete, which has been attributed to the 
increase of rapid chloride penetration resistance. However, the replacement decreased the 
concrete’s compressive strength by 25% (Sengul et al., 2005).  
 
Baoju et al. (2001) replaced cement with 25-50% of UFFA with 600 m
2
/kg surface area. 
Their results demonstrated that the compressive strength of concrete reduces when the 
cement replacement level with UFFA is increased. To resolve the decreased strength issue, a 
longer period of curing for concrete with 50% replacement of cement with UFFA is needed 
to increase its compressive strength to more than 50 MPa, which meets the criteria of high 
strength concrete (Baoju et al., 2001). 
 
The surface area of raw fly ash and UFFA were found by using the Blaine test apparatus by 
Solikin (Solikin, 2012). After grinding using a microniser, the surface area of raw fly ash, 
364 m
2
/kg, was increased to UFFA, 525 m
2
/kg, based on cement fineness (Solikin et al., 
2011). The fineness of the fly ash was increased by 40% after the grinding process (Solikin et 
al., 2011). In addition, UFFA increases concrete durability based on the rapid chloride 
penetration resistance test, the bulk diffusion test, the alkali silica reaction test and the sulfate 
resistance test (Solikin, 2012). 
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Grinding can increase the early reactivity and density and improve the rheology of fly ash 
(Niemuth, 2012). The increase in reactivity was attributed to increased surface area. There are 
significant increases in density attributed to hollow spheres (cenospheres) being crushed in 
the grinding process (Niemuth, 2012). However, grinding of fly ash could decrease 
workability due to the reduction of its spherical nature by crushing (Niemuth, 2012). There 
are changes in workability, which increase slump and decrease flow with an increase in 
fineness of the fly ash (Niemuth, 2012).  
 
A summary of the relevant properties of fly ash for use in concrete as the sole binder or as a 
supplementary cementitious material is given in Table 2.1 below. 
 
 
Table 2.1: A summary of the relevant properties of fly ash for use in concrete (Adam, 
2009; ACI Committee 315, 2002; ACI Committee 211, 2008; Lee, 2002; Hardjito and 
Rangan, 2005; Makrides-Saravanos, 1995; Hardjito, 2005; Solikin, 2012; ACI 
Committee 232, 2004). 
 
Relevant properties Type of fly ash 
Class F 
( low-calcium fly 
ash) 
Class C 
( high-calcium fly 
ash) 
Class N 
CaO content Low CaO content, 
< 10% 
High CaO content, 
> 20% 
Low CaO content 
Sum of SiO2 + Al2O3 + 
Fe2O3 (%) 
> 70 > 50 > 70 
SO3 (max %) 5.0 5.0 4.0 
Available alkalis, Na2O 
(max %) 
1.5 1.5  
Moisture content (max %) 3.0 3.0 3.0 
Loss on ignition (LOI) 
(max %) 
6.0 6.0 10.0 
Carbon content (%) < 1 Up to 20  
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Table 2.1: A summary of the relevant properties of fly ash for use in concrete (Adam, 
2009; ACI Committee 315, 2002; ACI Committee 211, 2008; Lee, 2002; Hardjito and 
Rangan, 2005; Makrides-Saravanos, 1995; Hardjito, 2005; Solikin, 2012; ACI 
Committee 232, 2004). 
 
Pozzolanic activity/cement 
(7 days) (min %) 
75 75  
Pozzolanic activity/cement 
(28 days) (min %) 
75 75  
Water requirement (max 
%) 
105 105  
Autoclave expansion 0.8 0.8  
Uniform requirements: 
Density (max %) 
5 5  
Uniform requirements: 
Fineness (max %) 
5 5  
Uniform requirements:  Air 
entraining agent (max %) 
20 20  
Increase in drying 
shrinkage (max %) 
0.03 0.03  
Cementitious and 
pozzolanic properties 
Very little or no 
cementitious 
properties and are 
primarily 
pozzolanic 
Have both 
cementitious and 
pozzolanic 
properties 
 
Coal production Normally produced 
from burning 
anthracite or 
bituminous coal 
Normally produced 
from burning 
lignite or sub-
bituminous coal 
 
Colour Tan to dark grey 
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Table 2.1: A summary of the relevant properties of fly ash for use in concrete (Adam, 
2009; ACI Committee 315, 2002; ACI Committee 211, 2008; Lee, 2002; Hardjito and 
Rangan, 2005; Makrides-Saravanos, 1995; Hardjito, 2005; Solikin, 2012; ACI 
Committee 232, 2004). 
 
Chemical 
Composition 
(%) (ACI 
Committee 
315, 2002) 
SiO2 45.9 31.3  
Al2O3 24.2 22.5  
Fe2O3 4.7 5.0  
CaO 3.7 28.0  
SO3 0.4 2.3  
MgO 0.0 4.3  
Na2O 0.2 1.6  
LOI 3 0.3  
45 µm sieve 
retention 
18.2 17.0  
Air 
permeability 
fineness, 
m
2
/kg 
403 393  
Density, 
Mg/m
3
 
2.28 2.70  
Recommended values for 
cement replacement by fly 
ash (% by weight) 
(ACI Committee 211, 
2008) 
15 to 25 20 to 35  
Particle size 1-150 µm 
Particle shape Spherical 
Effect of particle size on 
pozzolanic property 
Particle size of less than 10 μm will proportionally influence 
the pozzolanic activity of fly ash whereas particle size of larger 
than 45 μm show little or no pozzolanic property 
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2.4  Summary  
 
This chapter has reviewed previous published work and studies conducted on fly ash 
concretes. The need for the development of a sustainable concrete material and the 
background of fly ash was discussed. Types of fly ash, the use of fly ash in concrete and the 
particle size of fly ash were also reviewed. This review was important and helpful for 
planning the experimental work, and the interpretation and analysis of the experimental data 
in the present study. Some noteworthy conclusions can be drawn from the literature review as 
follows: 
 
 Fly ash in concrete leads to improvement in properties of both fresh and hardened 
concrete. 
 Geopolymer concrete uses 100% replacement of cement with fly ash. However, the 
material requires heat curing and the repeatability of the work may be an issue. 
 High-volume fly ash concrete is produced with up to 50% replacement of cement by 
fly ash. These concretes may not reach the strength of an equivalent OPC concrete 
with the same water-binder ratio. 
 The chemical compositions of various fly ashes show a wide range of variety, 
depending on the source and the chemical and mineral constituents. 
 Particles of fly ash are generally spherical and the size is mostly finer than Portland 
cement and lime, ranging in diameter from 1 µm to 150 µm. 
 Raw fly ash can be ground to produce smaller particle size ultra-fine fly ash with an 
average particle size of 3 microns.  
 Reducing fly ash particle size by grinding is one of the approaches that can enhance 
the early pozzolanic reactivity and density, improve the rheology of the fly ash and 
hence improve the concrete performance as an alternative for expensive, highly 
reactive pozzolanic materials such as silica fume. 
 Concerns about the sustainability of the material and environmental pollution issues 
have led to the exploration of many supplementary cementitious materials to be used 
to replace large proportions of cement.  
 Reuse of industrial by-products such as fly ash as alternative raw materials will lead 
to reduction in resource use. 
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 Use of fly ash in concrete reduces the cost of materials and construction. 
 
In Chapters 3 and 4, a detailed literature review is presented on geopolymer concrete and 
high-volume fly ash concrete, respectively. 
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CHAPTER 3  
 
 
GEOPOLYMER CONCRETE 
 
 
3.1   Introduction 
 
 
Some recent solutions developed to address the issue of sustainable concrete are concrete 
materials with high volumes of cement substitutes (Bilodeau and Malhotra, 2000). 
Geopolymer concrete is one such solution, where alkali-activated polymerisation of fly ash or 
slag is used to develop a cement-free concrete. Geopolymer concrete can use 100% fly ash or 
slag as the binder instead of cement. For instance, a research group at the Montana State 
University in the U.S.A has demonstrated this in field trials using 100% high-calcium ASTM 
Class C fly ash to replace Portland cement in making concrete (Sumajouw and Rangan, 
2006). Davidovits suggested in 1978 that an alkaline liquid could be used to react with silicon 
(Si) and aluminium (Al) in a source material of geological origin or in by-product materials 
such as fly ash and rice husk ash to make binders. Since the chemical reaction that takes place 
in this instance is a polymerisation process, Davidovits (1994) introduced the term 
‘geopolymer’ to represent these binders. Davidovits (1994) also stated that geopolymer is a 
new binder type distinct from alkali-activated alumina-silicate, but most researchers prefer to 
name all the alkali-activated siliceous-aluminous binders ‘geopolymer’.  
 
 
3.2 Typical Constituent Materials 
 
There are two main constituents of geopolymer binders, the source materials and alkaline 
liquids (Diaz et al., 2010; Kupwade-Patil and Allouche, 2013). The source materials for 
geopolymer based on alumino-silicate should be rich in Silicon (Si) and Aluminium (Al). The 
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use of several natural minerals and industrial by-product materials has been investigated by 
many researchers in the past. They may be natural minerals such as kaolinite, metakaolin or 
calcined kaolin clays, micas, andalusite, spinel, etc., which contain Si, Al, and oxygen (O) 
(Davidovits, 1988a; Xu and van Deventer, 2000) and industrial by-products such as fly ash, 
silica fume, slag, rice-husk ash, red mud, etc., combinations of calcined minerals and non-
calcined materials (Xu and van Deventer, 2002), a combination of fly ash and metakaolin 
(Swanepoel and Strydom, 2002; van Jaarsveld et al., 2002), and a combination of granulated 
blast furnace slag and metakaolin (Cheng and Chiu, 2003) could be used as source materials 
(Davidovits, 1999; Barbosa et al., 2000; Teixeira-Pinto et al., 2002; Palomo et al., 1999; 
Swanepoel and Strydom, 2002; Hardjito and Rangan, 2005). Natural Al-Si minerals have 
shown the potential to be the source materials for geopolymerisation, although the 
quantitative prediction of the suitability of a specific mineral as the source material is still 
unavailable, due to the complexity of the reaction mechanisms involved (Xu and van 
Deventer, 2000). 
 
The choice of the source materials for making geopolymers depends on factors such as 
availability, cost, type of application and the specific demands of the end-users. In relation to 
the nature of the source material, calcined source materials, such as fly ash, slag and calcined 
kaolin, demonstrate a higher final compressive strength when compared to those made with 
non-calcined materials, for example kaolin clay, mine tailings, and naturally occurring 
minerals (Barbosa et al., 2000). Among the waste or by-product materials, fly ash and slag 
are the most preferred source materials for making geopolymers. Cheng and Chiu (2003) 
studied making fire-resistant geopolymer using granulated blast furnace slag combined with 
metakaolinite. Further, van Jaarsveld et al. (1997; 1999) determined the potential use of waste 
materials such as fly ash, contaminated soil, mine tailings and building waste to immobilise 
toxic metals. Swanepoel and Strydom (2002), van Jaarsveld et al. (2002) and Bakharev 
(2005a; 2005b; 2005c) also presented studies on fly ash as a source material to make 
geopolymers.  
 
Every source material has advantages and disadvantages. For instance, metakaolin as a source 
material has high dissolvability in the reactant solution, producing a controlled Si/Al ratio in 
the geopolymer, and is white in colour (Gourley, 2003). Metakaolin is preferred by niche 
geopolymer product developers due to its high rate of dissolution in the reactant solution, 
easier control of the Si/Al ratio and its white colour (Gourley, 2003). However, for making 
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concrete on a large production scale, metakaolin is expensive to produce because it has to be 
calcined at temperatures around 500
o
C to 700
o
C for a few hours (Wallah and Rangan, 2006). 
In this respect, using waste materials such as fly ash is economically beneficial. One ton of 
low-calcium fly ash can be utilised to produce about 2.5 m
3
 of high quality geopolymer 
concrete, and the bulk cost of chemicals needed to manufacture this concrete is cheaper than 
the bulk cost of one ton of Portland cement (Hardjito and Rangan, 2005). Gourley (2003) 
stated that low-calcium ASTM Class F fly ash is more preferable to be used as a source 
material to make geopolymers than high-calcium ASTM Class C fly ash. This is due to the 
presence of calcium in fly ash in high amounts that may interfere with the polymerisation 
process and alter the microstructure. Furthermore, low-calcium fly ash is more preferable 
than slag for geopolymer feedstock material (Hardjito and Rangan, 2005). Fly ash that is rich 
in Silicon (Si) and Aluminium (Al), is activated by alkaline liquids by the geopolymerisation 
process to form the binder in geopolymer concrete. 
 
The most common alkaline liquid used in geopolymerisation is a combination of sodium 
hydroxide (NaOH) or potassium hydroxide (KOH) and sodium silicate (Na2SiO3) or 
potassium silicate (K2SiO3) (Davidovits, 1999; Palomo et al., 1999; Barbosa et al., 2000; Xu 
and van Deventer, 2000; Swanepoel and Strydom, 2002; Xu and van Deventer, 2002; 
Hardjito, 2005; Wallah and Rangan, 2006; Olivia, 2011). Palomo et al. (1999) concluded that 
the type of alkaline liquid used in the polymerisation process is vital. Reactions occur at a 
high rate when the alkaline liquid contains soluble silicate, either sodium or potassium 
silicate, compared to the use of only alkaline hydroxides. Xu and van Deventer (2000) 
verified that the addition of Na2SiO3 solution to the NaOH solution, as the alkaline liquid 
improved the reaction between the source material and the solution. Moreover, from research 
on the geopolymerisation of sixteen natural Al-Si minerals, it was found that generally the 
NaOH solution generated a higher extent of dissolution of minerals than the KOH solution 
(Hardjito and Rangan, 2005). 
 
In the research work of Wallah and Rangan (2006) and Sumajouw and Rangan (2006), low-
calcium ASTM Class F dry fly ash was used as the source material in manufacturing fly ash-
based geopolymer concrete. The alkaline liquid comprised of a combination of Na2SiO3 
solution and NaOH solution. The NaOH solution was prepared by dissolving the solids 
purchased from a local supplier in flake or pellet form in water. Both the solutions were pre-
mixed the day before use. Coarse and fine aggregates used in the local concrete industry were 
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used. The coarse aggregates were crushed granite-type aggregates of a combination of 20 
mm, 14 mm, 10 mm or 7 mm and the fine aggregate was fine sand (Sumajouw and Rangan, 
2006). The mix proportions and the manufacturing process used to make the geopolymer 
concrete were based on earlier research at Curtin University (Hardjito and Rangan, 2005). 
According to Hardjito (2005), the aggregates used in producing the fly ash-based geopolymer 
concrete were in a saturated surface dry (SSD) condition. The aggregate selection and 
proportion were in accordance with the current practice in making OPC concrete. The silicon 
and the aluminium in the fly ash reacted with the alkaline liquid to form the geopolymer paste 
that bound the loose aggregates and other unreacted materials to produce the geopolymer 
concrete (Sumajouw and Rangan, 2006). High-range water reducer or superplasticiser was 
used to improve the workability of the fresh geopolymer concrete (Wallah and Rangan, 
2006). The typical dosage of superplasticiser is around 4% by weight of fly ash. However, 
increasing the superplasticiser dosage above 2% often reduces the compressive strength 
(Hardjito, 2005; Hardjito and Rangan, 2005). The alkaline liquid was mixed with the 
superplasticiser and the extra-added water to prepare the liquid component of the geopolymer 
concrete mix (Hardjito, 2005). 
 
Davidovits (1988) was using kaolinite source material with alkalis (NaOH, KOH) to make 
geopolymers since 1972. The technology for making the geopolymers has been revealed in 
various approaches issued on the applications as the “SILIFACE-Process” (Davidovits, 
1988a). Davidovits (1999) also introduced a pure calcined kaolinite called KANDOXI 
(KAolinite, Nacrite, DickiteOXIde), which is calcined for 6 hours at 750
o
C. This calcined 
kaolinite achieved better in manufacturing geopolymers compared to the natural materials 
(Wallah and Rangan, 2006).  
 
Xu and van Deventer (2000) have also investigated a wide variety of alumino-silicate 
minerals to make geopolymers. Their research comprised sixteen natural Si-Al minerals 
which contained the ring, chain, sheet, and framework crystal structure groups, as well as the 
garnet, mica, clay, feldspar, sodalite and zeolite mineral groups. It was found that a wide 
variety of natural alumino-silicate minerals provided potential sources for the synthesis of 
geopolymers. Sodium or potassium hydroxide was used as the alkaline solution. The test 
results have demonstrated that potassium hydroxide gave better results in compressive 
strength and the extent of dissolution. However, Xu and van Deventer (2002) discovered that 
using a combination of calcined (e.g. fly ash) and non-calcined material (e.g. kaolinite or 
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kaolin clay and albite) significantly increased the compressive strength and reduced the 
reaction time. 
 
Various types of fly ash suitable to be used as geopolymer source material have been 
investigated by Fernández-Jiménez and Palomo (2003). These researchers stated that to 
produce optimal binding properties, the low-calcium fly ash should have a percentage of 
unburnt material (LOI) less than 5%, Fe2O3 content should not be more than 10%, the content 
of reactive silica should be between 40-50%, and 80-90% of particles should be smaller than 
45 µm. On the other hand, van Jaarsveld et al. (2003) found that fly ash with higher amounts 
of CaO produced a higher compressive strength, due to the formation of calcium-aluminate-
hydrate and other calcium compounds, especially in the early ages. The other features that 
influence the suitability of fly ash as a source material for geopolymers are the particle size, 
amorphous content, morphology and origin. For example, fly ash is considered to be more 
advantageous than slag due to its high reactivity that comes from its finer particle size 
(Hardjito and Rangan, 2005). In addition, low-calcium fly ash is preferred to high-calcium fly 
ash due to the risk of fast setting (Olivia, 2011). The main factors affecting fly ash 
geopolymer mixes are the composition of the raw materials, the concentrations of alkaline 
solutions and the curing method (Olivia, 2011).  
 
Furthermore, Adam (2009) demonstrated that fly ash-based geopolymer concrete comprises 
fly ash, aggregates, activator and water. The activators used were Na2SiO3 and NaOH. Both 
coarse and fine aggregates were prepared according to AS 1141.5-2000 and AS 1141.6.1-
2000. The fine aggregate was river sand in uncrushed form from the Mawson quarry. The 
coarse aggregates of 7 mm and 10 mm were obtained in crushed form consisting of basalt 
aggregate with a specific gravity of 2.99. To attain the target strength, 7.5% Na2O dosages 
were utilised for fly ash-based geopolymer concrete. It was observed that the w/c ratio of 
0.29 reached the target strength for heat-cured fly ash-based geopolymer concrete. 
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3.3 Typical Manufacturing Process 
 
Geopolymer, an inorganic alumino-silicate polymer, is mainly synthesized by Silicon (Si) 
and Aluminium (Al) material of geological origin or by-product material (Sumajouw and 
Rangan, 2006). The chemical composition of geopolymer materials is similar to zeolite but 
they have an amorphous microstructure (Davidovits, 1999). During the synthesized process, 
Si and Al atoms are combined to form the building blocks that are chemically and structurally 
comparable to those binding the natural rocks (Sumajouw and Rangan, 2006). 
 
Palomo et al. (1999) conducted research on the geopolymerisation of low-calcium ASTM 
Class F fly ash (molar Si/Al=1.81) using four different solutions with the solution-to-fly ash 
ratio by mass of 0.25 to 0.30. The molar SiO2/K2O or SiO2/Na2O of the solutions was in the 
range of 0.63 to 1.23. Xu and van Deventer (2000) reported that the proportion of alkaline 
solution to alumino-silicate powder by mass should be approximately 0.33 to allow the 
geopolymeric reactions to occur. Alkaline solutions formed a thick gel immediately upon 
mixing with the alumino-silicate powder (Hardjito and Rangan, 2005). Alternatively, van 
Jaarsveld et al. (1998) demonstrated the use of the mass ratio of the solution to the powder of 
about 0.39. 57% fly ash was mixed with 15% kaolin or calcined kaolin in their research. The 
alkaline liquid comprised 3.5% sodium silicate, 20% water and 4% sodium or potassium 
hydroxide.  
 
Barbosa et al. (2000) prepared seven mix compositions of geopolymer paste using calcined 
kaolin as source material for the following range of molar oxide ratios: 0.2<Na2O/SiO2<0.48; 
3.3<SiO2/Al2O3<4.5 and 10<H2O/Na2O<25. Among the tests carried out on the paste 
specimens, the optimum composition occurred when the ratio of Na2O/SiO2 was 0.25, the 
ratio of H2O/Na2O was 10.0, and the ratio of SiO2/Al2O3 was 3.3. Mixes with high water 
content, that is H2O/Na2O = 25, resulted in very low compressive strengths, indicating the 
importance of the water content in the mix (Hardjito and Rangan, 2005).  
 
Geopolymer manufactured using metakaolin has been found to set in a short time at ambient 
temperature (Davidovits, 1999). However, curing temperature and curing time are greatly 
influenced the properties of the geopolymer materials made from by-product materials such 
as fly ash. In addition, Teixeira-Pinto et al. (2002) found that the fresh geopolymer mortar 
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became very stiff and dry while mixing, and showed high viscosity and a cohesive nature 
when using metakaolin as the source material. The forced mixer type is recommended to be 
used for mixing the geopolymer materials, as opposed to the gravity type mixer. As the 
mixing time increases, the temperature of the fresh geopolymer will increase and cause a 
reduction in the workability. To improve the workability, the use of admixtures is proposed to 
reduce viscosity and cohesion (Hardjito and Rangan, 2005). 
 
Furthermore, Barbosa et al. (1999) evaluated the viscosity of fresh metakaolin-based 
geopolymer paste, and demonstrated that the viscosity of the geopolymer paste increased 
with time. Most of the geopolymer paste manufacturing processes start with the dry mixing 
of the source materials, followed by the addition of the alkaline solution and then further 
mixing for another specified period of time (van Jaarsveld et al., 1998; Swanepoel and 
Strydom, 2002; Teixeira-Pinto et al., 2002). In spite of this, Cheng and Chiu (2003) 
conducted the mixing of the KOH and metakaolin first for ten minutes, followed by the 
addition of Na2SiO3 and ground blast furnace slag and a further mixing for another five 
minutes. The paste samples were then cast into cube moulds and vibrated for five minutes. 
For curing, a wide range of temperatures, from room temperature to about 90
o
C, and curing 
periods from 1 hour to more than 24 hours were used (Hardjito and Rangan, 2005). Barbosa 
et al. (2000) elaborated the process of manufacturing geopolymer by allowing the fresh mixes 
to mature at room temperature for 60 minutes, followed by curing for 90 minutes at 65
o
C, and 
then drying at 65
o
C (Hardjito and Rangan, 2005). 
 
On the other hand, Teixeira-Pinto et al. (2002) reported that the Vicat needle apparatus is not 
suitable for measuring the setting time of fresh geopolymer concrete. However, Cheng and 
Chiu (2003) provided the only available information to date on the quantitative measure of 
the setting time of geopolymer material by using the Vicat needle. For fresh geopolymer 
paste based on metakaolin and ground blast furnace slag, the setting time of the geopolymer 
material was measured for both the room and elevated temperature. The measurement was 
done in the oven for the elevated temperature. The initial setting time was reported to be very 
short, in the range of 15 to 45 minutes, for geopolymer cured at 60
o
C (Hardjito and Rangan, 
2005). 
 
Adam (2009) stated that all the coarse aggregate was washed to remove any fine dust that 
may increase the water demand and lower the bond strength several days prior to mixing. The 
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wet coarse aggregate was then sealed in a bucket. A minimum of at least one day was 
allowed for absorption, for the moisture content to stabilize and the excess water to drain to 
the bottom of the bucket. The coarse aggregate 5 to 10 cm from the bottom of the bucket was 
not used, as it would be wet from the excess water. Moisture contents were measured for the 
fine and coarse aggregates the day before each cast, while the batched masses for the 
aggregates and water were adjusted to obtain an overall saturated surface dry (SSD) condition 
for the aggregates. The alkaline activator used was a Na2SiO3 based solution, which contained 
Na2SiO3 and NaOH. The NaOH solution was prepared in a fume cabinet by dissolving NaOH 
pellets in deionised water at least one day before mixing. The mixing procedure for the 
control and blended concrete was conducted in accordance with Australian Standard (AS) 
1012.2. Firstly, coarse aggregates were loaded into a 120 litre mixer, followed by fine 
aggregates. A small portion of the liquid was then added and mixed for 30 seconds. Then, the 
binders were added and mixed for 2.5 minutes and then the remaining liquid was added and 
mixed for another 4 minutes. The mixing was then stopped to measure slump. After 
measuring the slump, the mix was poured into different kinds of moulds and vibrated for 1 
minute. The concrete specimens were demoulded after 24 hours, followed by water curing at 
20ºC for 6 days and then left in an environmentally controlled room at 20°C and 50% relative 
humidity until testing.  
 
The aggregates used in the production of fly ash-based geopolymer concrete were in a SSD 
condition, as reported by Hardjito and Rangan (2005). The alkaline liquid consisted of a 
combination of Na2SiO3 solution and NaOH solution. The NaOH solution was prepared by 
dissolving the solids, purchased from a local supplier in flake or pellet form, in water. Both 
the solutions were premixed the day before use. The alkaline liquid was mixed with the 
superplasticiser and any extra water to prepare the liquid component of the geopolymer 
concrete mix. The aggregate and the fly ash were mixed dry in a pan mixer for about three 
minutes. The liquid component of the mix was then added to the dry mix and the mixing 
continued for another four minutes (Hardjito, 2005). 
 
The fresh fly ash-based geopolymer concrete could be handled up to at least two hours 
without any sign of setting and degradation in compressive strength. The fresh geopolymer 
concrete could be placed, compacted and finished in moulds in that time. In all these 
operations, the equipment and the facilities currently used for OPC concrete were used. The 
fresh concrete was then cast into the moulds in three layers for cylindrical specimens or two 
 34 
 
layers for prismatic specimens. The specimens were compacted layer by layer using 60 to 80 
manual strokes with a rodding bar, and vibrated for 10 to 15 seconds on a vibrating table. In 
some cases, the common internal needle vibrator was also utilised to successfully compact 
the fly ash-based geopolymer concrete (Hardjito, 2005). After casting, the test specimens 
were covered with a vacuum bagging film (Hardjito, 2005). Curing at an elevated 
temperature was achieved either in the dry curing environment in an oven, or in the steam 
curing chamber, for a specified period of time. After curing, the concrete specimens were 
allowed to cool in the moulds. After being released from the moulds, the test specimens were 
left to air dry in ambient conditions in the laboratory until the day of testing (Hardjito and 
Rangan, 2005; Hardjito, 2005; Wallah and Rangan, 2006). 
 
In the study of Kupwade-Patil and Allouche (2013), geopolymer concrete specimens were 
prepared using an activator solution that consisted of Na2SiO3 and 14 M NaOH. This 
activator solution was mixed with the designated fly ash, coarse aggregate and fine aggregate. 
The Na2SiO3 was of SiO2:Na2O ratio of 2∶1. The NaOH and Na2SiO3 were mixed in a 1∶1 
ratio by weight. Olivia (2011) mixed dry materials such as fly ash, fine and coarse aggregates 
and alkaline activators that consisted of Na2SiO3, NaOH, water and superplasticiser in a 70 
litre pan mixer to manufacture geopolymer concrete specimens. The dry materials were 
mixed first and the alkaline activators were then poured into the pan and mixed continuously 
for approximately 4 minutes until the mix was glossy and well mixed. The specimens were 
then cast and cured for testing under different conditions. According to previous research, the 
most suitable curing method for fly ash-based geopolymer is heat curing. After 24 hours at 
room temperature, the specimens were wrapped with plastic at the top to prevent evaporation, 
and left in the oven at 80ºC for 24 hours and then allowed to cool in the mould at room 
temperature before they were demoulded. The specimens were then left in an 
environmentally controlled room at 20°C and 50% relative humidity prior to testing. 
 
 
3.4  Properties – Strength 
 
Van Jaarsveld et al. (2003) stated that the particle size, calcium content, alkali metal content, 
amorphous content, morphology and origin of the fly ash and the source materials affect the 
properties of geopolymer, especially the CaO content and the water-to-fly ash ratio. It was 
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also revealed that the calcium content in fly ash played an important role in strength 
development and final compressive strength. The higher the calcium content, the faster the 
strength development and the higher the compressive strength. However, in order to achieve 
optimal strength properties, fly ash as a source material should have low calcium content and 
other characteristics such as unburnt material lower than 5%, less than 10% Fe2O3 content, 
40-50% reactive silica content, 80-90% of particles smaller than 45 µm in size and high 
content of vitreous phase (Fernández-Jiménez and Palomo, 2003). 
 
Van Jaarsveld et al. (1999) conducted experiments on geopolymer using two types of fly ash. 
The compressive strength after 14 days was in the range of 5 MPa to 51 MPa. The factors 
affecting the compressive strength were the mixing process and the chemical composition of 
the fly ash. Higher CaO content reduced the microstructure porosity but increased the 
compressive strength. The water-to-fly ash ratio also influenced the strength (Sumajouw and 
Rangan, 2006). It was found that the compressive strength of the binder increased as the 
water-to-fly ash ratio decreased. Another study on manufacturing geopolymer by mixing fly 
ash, kaolinite, sodium silica solution, NaOH and water was conducted by Swanepoel and 
Strydom (2002). Their research showed that both the curing time and the curing temperature 
affected the compressive strength. The optimum strength was achieved when specimens were 
cured for 48 hours at 60
o
C. 
 
The other common indicators of differences in performance are CaO content and fineness 
(Niemuth, 2012). Xu and van Deventer (2000) explored the geopolymerisation of sixteen 
natural Si-Al minerals. The minerals with a higher extent of dissolution showed better 
compressive strength after polymerisation. The percentage of calcium oxide (CaO), 
potassium oxide (K2O), the molar ratio of Si-Al in the source material, the type of alkali 
liquid and the molar ratio of Si-Al in the solution during dissolution had significant effects on 
the compressive strength of the geopolymer (Hardjito and Rangan, 2005). 
 
Van Jaarsveld et al. (2002) investigated the interrelationship of a number of parameters that 
affect the properties of fly ash-based geopolymer. They reported that the properties of 
geopolymer were influenced by the incomplete dissolution of the materials which occurred in 
geopolymerisation. The water content, curing time and curing temperature affected the 
properties of geopolymer. Particularly the curing condition and calcining temperature 
influenced the compressive strength. When the samples were cured at 70
o
C for 24 hours the 
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compressive strength was significantly increased. However, a too high curing temperature 
will cause cracking and have a negative effect on the properties of the material. Curing for a 
longer period of time will decrease the compressive strength (Sumajouw and Rangan, 2006). 
The use of mild curing will improve the physical properties of the material. 
 
The main parameters affecting the compressive strength of hardened fly ash-based 
geopolymer concrete are the curing temperature, curing time, mix composition such as the 
molar H2O:Na2O ratio, and mixing time (Hardjito and Rangan, 2005). As the H2O:Na2O 
molar ratio increases, the compressive strength of fly ash-based geopolymer concrete 
decreases. Palomo et al. (1999) investigated the effect of curing temperature, curing time and 
alkaline solution-to-fly ash ratio on the compressive strength. Both the curing temperature 
and the curing time were reported to have effects on the compressive strength. Compressive 
strength of up to 60 MPa was attained when cured for 5 hours at 85
o
C (Sumajouw and 
Rangan, 2006). Combinations of NaOH with Na2Si3 and KOH with K2SiO3 as alkaline 
liquids were used. The type of alkaline liquid used significantly affected the mechanical 
strength. The combination solution of Na2Si3 and NaOH gave the highest compressive 
strength (Wallah and Rangan, 2006). The addition of naphthalene sulphonate-based 
superplasticiser for up to about 4% of fly ash by mass improves the workability of the fresh 
fly ash-based geopolymer concrete, with very little effect on the compressive strength of 
hardened concrete when the superplasticiser dosage is over 2% (Hardjito and Rangan, 2005). 
Fresh fly ash-based geopolymer concrete is easily handled for up to 2 hours without any sign 
of setting or changes in the compressive strength (Hardjito and Rangan, 2005). 
 
In addition, Palomo et al. (1999) concluded that the curing temperature accelerates the 
reaction in fly ash-based geopolymer, and significantly affects the mechanical strength, 
together with the curing time and the type of alkaline liquid. As the curing temperature 
increases within the range of 30
o
C to 90
o
C, the compressive strength of fly ash-based 
geopolymer concrete increases (Hardjito and Rangan, 2005). Longer curing time within the 
range of 4 to 96 hours resulted in higher compressive strengths for fly ash-based geopolymer 
concrete. However, the increase in strength beyond 24 hours is not significant (Hardjito and 
Rangan, 2005). Prolonged mixing time of up to sixteen minutes increases the compressive 
strength of fly ash-based geopolymer concrete (Hardjito and Rangan, 2005). Alkaline 
activator containing soluble silicates was proven to increase the rate of reaction compared to 
alkaline solutions that contained only hydroxide (Hardjito, 2005). Higher molar concentration 
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of NaOH solution or the ratio of Na2SiO3-to-NaOH ratio by mass resulted in higher 
compressive strength of fly ash-based geopolymer concrete (Hardjito and Rangan, 2005). As 
the ratio of water-to-geopolymer solids by mass increases, the compressive strength of fly 
ash-based geopolymer concrete decreases (Hardjito, 2005). A “rest period”, defined as the 
time taken between the casting of specimens and the commencement of curing, of up to 5 
days increases the compressive strength of hardened fly ash-based geopolymer concrete. The 
strength is significantly increased in the first 3 days of the rest period (Hardjito, 2005). The 
average density and elastic properties of hardened fly ash-based geopolymer concrete with 
compressive strength in the range of 40 to 90 MPa, i.e. the modulus of elasticity, the 
Poisson’s ratio, and the indirect tensile strength, are similar to those of OPC concrete 
(Hardjito, 2005). The type of course aggregate has been observed to have a more prevailing 
effect on elastic properties than geopolymerisation. Thus elastic properties of geopolymer 
concrete were observed to be within the expected range for OPC (Hardjito, 2005).  
 
Davidovits (1988b) demonstrated that geopolymer cement can harden promptly at room 
temperature and gain a compressive strength in the range of 20 MPa after only 4 hours at 
20
o
C and about 70 to 100 MPa after 28 days, based on laboratory tests. According to Adam 
(2009), most of the strength of fly ash-based geopolymer concrete was gained by 7 days and 
no further increase in strength was observed up to 28 days. The early strength for fly ash-
based geopolymer concrete was considerably higher than that of OPC concrete and similar 
for 28-days strength. This was attributed to the heat curing for the fly ash-based geopolymer 
concrete (Adam, 2009). In addition, tests carried out by Olivia (2011) showed that 55 MPa of 
compressive strength can be produced at 28 days for geopolymer concrete. Geopolymer 
concrete had higher tensile and flexural strength but less expansion and drying shrinkage, and 
lower modulus of elasticity than those of the OPC control mix (Olivia, 2011). The 
compressive strength of all geopolymer mixes changed significantly at each wetting-drying 
cycle, but the weight losses were higher than the OPC concrete (Olivia, 2011). 
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3.5  Properties – Durability 
 
The mechanical properties and durability of fly ash-based geopolymer have been shown to be 
better than those of comparable OPC concrete (Bakri et al., 2011). Raijiwala and Patil (2010) 
stated that there is a decrease in weight loss by 10 times in durability tests and the percentage 
loss in weight reduced from 5.66% to 0.60% at 56 days. Previous studies have also 
demonstrated that geopolymer possesses high early strength, low shrinkage, freeze-thaw 
resistance, sulfate resistance, corrosion resistance, acid resistance, fire resistance, and no 
dangerous alkali-aggregate reaction (Wallah and Rangan, 2006). The tests carried out by 
Wallah and Rangan (2006) demonstrated that heat-cured fly ash-based geopolymer concrete 
has an excellent sulfate resistance. There were no significant changes in the mass of test 
specimens and no damage to the surfaces of test specimens after various periods of exposure 
to sodium sulfate solution for up to one year. It was observed that there is no mechanism to 
form gypsum or ettringite from the main products of polymerisation in heat-cured low-
calcium fly ash-based geopolymer concrete (Wallah and Rangan, 2006). 
 
Geopolymer cement is superior to Portland cement in terms of heat and fire resistance, as the 
Portland cement experienced a rapid deterioration in compressive strength at 300
o
C, whereas 
the geopolymer cements were stable up to 600
o
C (Davidovits, 1988b; 1994b). The presence 
of alkalis in the OPC cement or concrete could generate dangerous alkali-aggregate reactions. 
Davidovits (1994b) reported that geopolymer cements, with much higher alkali content when 
compared to Portland cement, did not generate any dangerous alkali-aggregate reaction. 
 
Geopolymer cement is also acid-resistant. Geopolymer cement does not rely on lime and is 
not dissolved by acidic solutions when compared with Portland cement. Tests exposing 
specimens to 5% of sulfuric acid and chloric acid showed that geopolymer cements were 
relatively stable with the weight loss in the range of 5 to 8%, while the Portland-based 
cements were destroyed and the calcium alumina cement lost about 30-60% of weight 
(Davidovits, 1994). Some published papers (Bakharev, 2005c; Song et al., 2005) have also 
demonstrated the results of tests on the acid resistance of geopolymer concrete. By observing 
the weight loss after acid exposure, the researchers found that geopolymer or geopolymer 
concrete is superior in terms of acid resistance compared to Portland cement concrete, as the 
weight loss is much lower. Bakharev (2005c) and Song et al. (2005) also noted a reduction in 
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the compressive strength of test specimens after acid exposure and the rate of reduction was 
dependent on the period of exposure.  
 
On the other hand, test results reported by Wallah and Rangan (2006) showed that exposure 
to sulfuric acid solution damaged the surface of heat-cured geopolymer concrete test 
specimens and caused a mass loss of approximately 3% after one year of exposure. The 
severity of the damage depends on the acid concentration. Sulfuric acid also causes 
degradation in the compressive strength of heat-cured geopolymer concrete. The extent of 
degradation depends on the concentration of the acid solution and the exposure period. 
However, the sulfuric acid resistance of heat-cured geopolymer concrete is significantly 
better than that of OPC concrete, as reported in earlier studies (Wallah and Rangan, 2006). 
 
Geopolymer concrete showed a minor corrosion activity in an accelerated corrosion test 
(Olivia, 2011). Geopolymer mixes offer a competitive and durable alternative to OPC 
concrete in a seawater environment (Olivia, 2011). Fly ash geopolymer has greater durability 
than OPC in such severe environments, which can be attributed to the lower calcium content 
(Olivia, 2011). Calcium is a major component of OPC that reacts with aggressive sulphates 
and acids. The geopolymer concretes also exhibit less expansion and drying shrinkage than 
OPC concrete (Olivia, 2011). According to Wallah and Rangan (2006), heat-cured fly ash-
based geopolymer concrete undergoes very little drying shrinkage of about 100 microstrains 
after one year. The specific creep, defined as the creep strain per unit stress, after one year 
ranged from 15 to 29 x 10
-6
/MPa for the corresponding compressive strength of 67 MPa to 40 
MPa (Wallah and Rangan, 2006). Moreover, it has also been reported that geopolymer has 
superior resistance to chemical attack and freeze or thaw, and very low shrinkage coefficients 
(Comrie et al., 1988; Malone et al., 1985; Wallah and Rangan, 2006). 
 
Water absorption of geopolymer concrete was lower than that of OPC concrete, but the 
sorptivity increased after 28 days after curing (Olivia, 2011). Although half-cell potential 
tests showed that geopolymer concretes were more prone to corrosion than OPC concrete, the 
time to failure under impressed voltage accelerated corrosion tests was 3.86 to 5.70 times 
longer than that of OPC concrete (Olivia, 2011). 
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3.6  Typical Applications 
 
According to Hardjito and Rangan (2005), geopolymer can be applied in the production of 
bricks, ceramics, low CO2 cements, concrete, radioactive and toxic waste encapsulation, heat-
resistant composites, foundry equipment, fibre glass composites, sealants for industry, and 
fire-resistant and heat-resistant fibre composites. Davidovits and Sawyer (1985) utilised 
ground blast furnace slag to make geopolymer binders. This kind of binder, patented in the 
U.S.A under the title ‘Early High-Strength Mineral Polymer’ was used as a supplementary 
cementing material in the production of precast concrete products. Furthermore, a ready-
made mortar package that needed only the addition of mixing water to produce a durable and 
very rapid strength gaining material has been produced and used in the refurbishment of 
concrete airport runways, aprons and taxiways, highway and bridge decks, and for several 
new constructions when high early strength is required (Sumajouw and Rangan, 2006). 
 
Geopolymer has also been utilised to replace organic polymer as an adhesive in strengthening 
structural members. Balaguru et al. (1997) demonstrated the results of their investigation on 
using geopolymer, instead of organic polymer, for fastening carbon fabrics to the surfaces of 
reinforced concrete beams. It was reported that geopolymer provided excellent adhesion to 
both concrete surface and between layers of fabrics. Another study related to the application 
of geopolymer concrete to structural members was carried out by Brooke et al. (2005). It was 
observed that the behaviour of geopolymer concrete beam column joints was similar to that 
of members made of Portland cement concrete (Brooke et al., 2005; Sumajouw and Rangan, 
2006). In Australia, geopolymer technology has been used to develop sewer pipeline 
products, railway sleepers, building products including fire- and chemical-resistant wall 
panels, masonry units, protective coatings and repair materials, shotcrete and high-
performance fibre-reinforced laminates (Gourley, 2003; Gourley and Johnson, 2005).  
 
Geopolymeric materials have a broad variety of applications in fields such as the automobile 
and aerospace industries, nonferrous foundries and metallurgy, and in civil engineering and 
the plastics industry (Davidovits, 1988b). The kind of application of geopolymeric materials 
is determined by the chemical structure in terms of the atomic ratio Si:Al in the polysialate. 
Davidovits (1999) classified the type of application of the geopolymer depending on the 
molar ratio of Si to Al. A low Si:Al ratio of 1, 2, or 3 commences a 3-D network that is very 
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rigid while a Si:Al ratio higher than 15 provides a polymeric character to the geopolymeric 
material. A low Si:Al ratio is suitable for many applications in the civil engineering field 
(Wallah and Rangan, 2006). 
 
One of the applicable fields of geopolymeric materials is in toxic waste management because 
geopolymer performs similarly to zeolitic materials, that are known for their ability to absorb 
toxic chemical waste (Davidovits, 1988b). Comrie et al. (1988) also presented an overview 
and related test results of the potential utilisation of geopolymer technology in toxic waste 
management. According to tests using GEOPOLYMITE 50, they suggested that 
geopolymeric materials could be used in waste containment. GEOPOLYMITE 50 is a 
registered trademark of Cordi-Geopolymere SA, a type of geopolymeric binder prepared by 
mixing a number of alumina-silicate pre-condensates with alkali hardeners (Davidovits, 
1988b; Wallah and Rangan, 2006). 
 
Geopolymer concrete can be used in many infrastructure applications (Hardjito and Rangan, 
2005). Palomo et al. (2004) reported the production of fly ash-based geopolymer concrete 
railway sleepers. They observed that geopolymer concrete structural members could easily be 
manufactured using the existing concrete technology without any significant changes. The 
engineering performances of the products were excellent and the drying shrinkage was little. 
Previously, Balaguru et al. (1997) found the use of geopolymer composites to strengthen 
concrete structures as well as geopolymer coating could protect transportation infrastructures. 
They stated that geopolymer composites have been successfully utilised to strengthen 
reinforced concrete beams. The researchers also found that the performance of geopolymer 
was better than that of organic polymer. Geopolymer is fire-resistant, durable, does not 
degrade under ultra violet (UV) light, is chemically compatible with concrete and does not 
include any toxic substances (Balaguru et al., 1997). 
 
Low-calcium fly ash-based geopolymer concrete provides very little drying shrinkage, low 
creep, excellent resistance to sulfate and acid attack. It was also reported that using this low-
calcium fly ash-based geopolymer concrete in infrastructure applications offers additional 
economic benefits (Hardjito and Rangan, 2005). Despite many benefits offered by 
geopolymer concrete, the high dependence on the mixing, curing condition and chemical 
composition of fly ash has inhibited ready acceptance by industry. Longer processing time, 
including mixing, rest period and curing, can increase the duration of construction periods. 
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Heat curing is required to develop the early strengths needed for structural applications. 
Moreover, complex curing regimes are needed to achieve a strength comparable to that of 
OPC concrete.  
 
A summary of relevant properties of geopolymer from the literature review is given in Table 
3.1.  
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Table 3.1: A summary of relevant properties of geopolymer from the literature review. 
 
References Binder Type 
of Fly 
Ash 
Compressive 
Strength 
(MPa) at 28 
days (d) 
Modulus 
of 
Elasticity 
(GPa) 
Flexural 
Strength 
(MPa) 
 
 
Tensile 
Strength 
(MPa) 
Creep 
(x 10
-
6
/MPa
) 
 
Drying 
Shrinkage 
(microstra
ins) 
 
Activator Others 
(Bakharev, 
2005b) 
Geopolymer 
paste 
Class 
F 
45      Sodium 
hydroxide 
(NaOH)  
(8%Na) 
Cured at 
75
o
C after 2 
hours 
precuring at 
room 
temperature 
52      Sodium 
silicate 
(Na2SiO3) 
(8%Na) 
Davidovits 
(1988b) 
Geopolymer 
cement 
 20       4 hours at 
20
o
C 
 70-100 after 
28 days 
       
 44 
 
Table 3.1: A summary of relevant properties of geopolymer from the literature review. 
 
(Fernández- 
Jiménez and 
Palomo, 
2005) 
Geopolymer 
mortar 
Class 
F 
70.4  12.3    NaOH 
(13.67% 
Na2O) 
85
o
C for 20 
hours in 
oven 
91.6  8.2    NaOH + 
Na2SiO3 
(14.09% 
Na2O) 
35.99  5.08    NaOH + 
Na2CO3 
(8.68% 
Na2O) 
Van 
Jaarsveld et 
al. (1999) 
Geopolymer Two 
types 
of fly 
ash 
5-51 after 14 
days 
     KOH, 
NaOH 
CaO content 
and water-
to-fly ash 
ratio affect 
the 
compressive 
strength 
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Table 3.1: A summary of relevant properties of geopolymer from the literature review. 
 
(Hardjito 
and Rangan, 
2005) 
Geopolymer 
concrete 
Class 
F 
44-89 at 90 
days 
23.0-30.8 
at 90 days 
 
 
4.43-7.43   NaOH + 
Na2SiO3 
Naphthalene 
sulphonate-
based 
superplastici
ser 
 
Cured at 
temperature 
ranges from 
30
o
C to 
90
o
C from 
four hours 
to four days 
Palomo et 
al. (1999) 
 Class 
F 
up to 60      NaOH + 
Na2SiO3 
and KOH 
+ K2SiO3 
Cured for 5 
hours at 
85
o
C 
Ryu et al. 
(2013) 
Geopolymer 
mortar 
Class 
F 
13-44      NaOH, 
Na2SiO3 
Cured for 
24 hours at 
60
o
C 
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Table 3.1: A summary of relevant properties of geopolymer from the literature review. 
 
(Hardjito, 
2005) 
 
Geopolymer 
concrete 
 17-67 at 7 
days 
     NaOH + 
Na2SiO3 
 
Naphthalene 
sulphonate-
based 
superplastici
ser 
 
Cured for 
24 hours at 
60
o
C 
Wallah and 
Rangan 
(2006) 
Geopolymer 
concrete 
Class 
F 
40-67    15-29 100 after 
one year 
(heat-
cured) 
NaOH + 
Na2SiO3 
 
Naphthalene 
based 
superplastici
ser 
1500 after 
three 
months 
(ambient-
cured) 
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Table 3.1: A summary of relevant properties of geopolymer from the literature review. 
 
Swanepoel 
and 
Strydom 
(2002) 
 Fly 
ash 
8      NaOH, 
sodium 
silica 
solution  
Kaolinite. 
 
Cured for 
48 hours at 
60
o
C 
Olivia 
(2011) 
Geopolymer 
concrete 
Class 
F 
28 d 91 d 28 
d 
91 
d 
28 
d 
91 
d 
28 
d 
91 
d 
  NaOH + 
Na2SiO3 
 
Naphthalene 
sulphonate 
polymer-
based 
superplastici
ser 
 
Cured at 
60
o
C to 
75
o
C 
56-60 56-63 25-
29 
26-
28 
7.3-
8.9 
9.2
-
9.8 
3.9-
4.2 
4.1
-
4.7 
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3.7  Summary  
 
This chapter has reviewed previous studies and research work on geopolymer concrete. The 
background of geopolymer concrete, including its typical constituent materials, 
manufacturing process, strength and durability properties and typical applications have been 
discussed.  
 
Geopolymer concrete uses 100% of fly ash or slag as the binder instead of cement. Fly ashes 
that are rich in Silicon (Si) and Aluminium (Al) are activated by alkaline liquids by the 
geopolymerisation process to form the binder in geopolymer concrete. The two main 
constituents of geopolymer binders are source materials and alkaline liquids. The choice of 
the source materials for making geopolymer depends on factors such as availability, cost and 
the specific demands of the end-users. The most common alkaline liquid used in 
geopolymerisation is a combination of sodium hydroxide or potassium hydroxide and sodium 
silicate or potassium silicate. 
 
Fly ash-based geopolymer concrete has greater durability than OPC concrete. Fly ash-based 
geopolymer concrete provides very little drying shrinkage, shows low creep, less expansion, 
has excellent resistance to sulfate and acid attack. Geopolymer concrete can be used in many 
infrastructure or industry applications. Despite the many benefits offered by geopolymer 
concrete, its dependence on the mixing and curing conditions and the chemical composition 
of the fly ash has hindered ready acceptance by industry. The longer processing time, 
including mixing, rest period and curing, of geopolymer concrete increase the duration of the 
construction period. Moreover, complex curing regimes are needed for geopolymer concrete 
to achieve a strength comparable to that of OPC concrete. Heat curing is required to develop 
the early strengths needed for structural applications. Heat curing increases the energy 
consumption and hence is considered to be more energy-intensive. 
 
Chapter 4 examines the high-volume fly ash concrete which can still use fly ash as a large 
proportion of the binder, whilst eliminating the need for complex curing regimes and strict 
quality control required in geopolymer concrete.  
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CHAPTER 4  
 
 
HIGH-VOLUME FLY ASH (HVFA) CONCRETE 
 
 
4.1   Introduction 
 
 
High-volume fly ash (HVFA) concrete overcomes the issues associated with curing observed 
in geopolymer concrete. The term HVFA concrete was first presented by Malhotra at 
CANMET in the 1980s. HVFA concrete is an alternative to OPC concrete, with more than 
50% replacement of Portland cement with fly ash making concrete sustainable, high in 
performance and strength, and suitable for structural applications. It is environmentally and 
economically beneficial (Hardjito and Rangan, 2005; Bilodeau and Malhotra, 2000).  
 
HVFA concrete has been proven to be more durable and resource-efficient than OPC 
concrete and shows the attributes of high-performance concrete (Malhotra, 2002a; Bilodeau 
and Malhotra, 2000; Aggarwal et al., 2010). HVFA concrete has better cost economy due to 
its lower material cost and highly favourable lifecycle cost (Mehta, 2004; Solis et al., 2010). 
HVFA concretes have superior environmental friendliness due to the ecological disposal of 
large quantities of fly ash, reduced carbon dioxide (CO2) emissions, and enhancement of the 
resource productivity of the concrete construction industry (Mehta, 2004; Bilodeau and 
Malhotra, 2000). HVFA concrete has a better surface finish and quicker finishing times when 
power finishing is not required (Mehta, 2004). It has a slower setting time, which has a 
corresponding effect on joint cutting and lower power-finishing times for slabs. However, 
one major issue with HVFA concrete is the slower strength gain, as usually 90 days will be 
needed to gain the full strength potential (Mehta, 2004). Strength development has been 
observed to be low in HVFA concrete due to the slow pozzolanic reaction of the fly ash. 
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However, it shows higher strength after a longer period of strength gain (Atis, 2003; Siddique, 
2004).  
 
A comprehensive review of attempts at developing sustainable concrete with normal 
production processes was conducted. It was noted that the percentage of fly ash used as a 
replacement for OPC ranges from 15% to 85% (Elsageer et al., 2009; Crouch et al., 2007; 
Oner et al., 2005; Bouzoubaâ et al., 2001). Replacement levels as high as 60% have been 
reported to be successful (Hardjito and Rangan, 2005). Naik et al. (2007) reviewed some of 
the experimental studies in the laboratory to analyse the suitability of the utilisation of a 
particular type of fly ash sample with the aim to reduce the environmental degradation caused 
by the disposal of high volumes of fly ash in landfills (Aggarwal et al., 2010). Mehta (2004) 
reviewed the theory and construction practice of concrete mixes with more than 50% fly ash. 
As reported by Aggarwal et al. (2010), Mehta (2004) discussed the mechanisms of 
incorporating high volumes of fly ash in concrete for reducing water demand, improving 
workability, minimising thermal and drying shrinkage and enhancing durability.  
 
 
4.2  Typical Constituent Materials 
 
HVFA concrete consists of a minimum of 50% fly ash, a low water content of 130 kg/m
3
, 
less than 200 kg/m
3
 of cement content and a low water-cement (w/c) ratio of less than 0.4, 
according to a generally accepted definition (Malhotra and Mehta, 2002). Commercially 
available ASTM Type III Portland cement, ASTM Class F fly ash, crushed granite with a 
maximum nominal size of 19 mm as the coarse aggregate, and a local natural sand as the fine 
aggregate, synthetic resin type air-entraining admixture (AEA), sulfonated naphthalene-
formaldehyde condensate type of superplasticiser in powder form and water are used in 
HVFA concrete mixes (Bouzoubaâ et al., 2001; Carette et al., 1993). The use of 
superplasticiser or high-range water reducer is essential in manufacturing HVFA concrete 
when a low w/c ratio is utilised to improve the slump. The slump values range from 150 to 
200 mm (Solikin, 2012). The dosage of superplasticiser utilised depends on the slump 
required and is generally about 1.5% of the total cementitious material (Nawy, 1996). The 
use of HVFA together with superplasticiser in concrete demonstrates good workability and 
high early strength (Raju, 1991; Aggarwal et al., 2010). With superplasticiser, concrete with a 
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low w/c ratio of 0.20 can be produced with good workability and a high strength of 83 MPa 
at the test age of 28 days (ACI Committee 211, 1993; Makrides-Saravanos, 1995; Aggarwal 
et al., 2010).  
 
The main principle for HVFA concrete is that the amount of fly ash is as high as possible, 
and the water content and w/c ratio are as low as possible to ensure high performance 
(Bilodeau and Malhotra, 2000). Water, ASTM Type I cement, ASTM Class F fly ash, coarse 
aggregate, fine aggregate, air-entraining admixture and superplasticiser are used in 
manufacturing HVFA concrete. The use of a superplasticiser is essential to provide adequate 
workability. Research on structural concrete incorporating high volumes of low-calcium 
ASTM Class F fly ash has been conducted at CANMET since 1985, as reported by Malhotra 
(1990). In this type of concrete, the cement content is kept at about 150 kg/m
3
, the w/c ratio is 
0.30 and fly ash content varies from 54 to 58% of the total cementitious material. A large 
dosage of a superplasticiser is used to achieve high workability.  
 
Concrete mixes using a coarse/fine aggregate ratio of 1.22 and an aggregate/cementitious 
materials ratio of 5.0 were studied by Makrides-Saravanos (1995). Fly ash was used as partial 
replacement at levels ranging between 10 to 60% by the weight of cementitious material in 
the mix. The use of Rheobuild 1000 superplasticiser allowed a reduction of w/c ratio to 0.28-
0.33. According to Atis (2003), HVFA concrete was made using two OPC replacement levels 
of 50 and 70% by mass by low-calcium Class F fly ash. The mixes were made with and 
without a superplasticiser. The superplasticiser used was a commercial carboxylic type of 
high-range water-reducing agent to improve the workability of the concrete. The proportions 
of the control OPC concrete mixes were 1:1.5:3 by mass of OPC, sand, and gravel, 
respectively.  
 
The fly ash for the research of Solikin (2012) came from the Tarong power plant and it was 
classified as low-calcium fly ash or ASTM Class F fly ash. Ultra-fine fly ash (UFFA) was 
also used for this research and was produced by grinding raw fly ash using a microniser, 
which deploys a particle-to-particle impact mechanism using compressed air. Limewater was 
used to increase the alkali solution in concrete to produce better reactivity of the UFFA. The 
aggregate used for producing the HVFA concrete consisted of coarse aggregate and fine 
aggregate. Fine aggregate has a grading of size between 150 µm to 4.75 mm whereas coarse 
aggregate has a larger size than fine aggregate, up to 63 mm (ASTM C33-03, 2003; Solikin, 
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2012). In this study, the maximum size of 10 mm coarse aggregate was utilised due to the 
results of previous research, which showed that the use of smaller coarse aggregate leads to 
increased concrete strength compared to larger aggregate, as smaller aggregate is stronger 
than the larger type (Solikin, 2012). In addition, the low strength of concrete using larger 
aggregate is caused by the bigger size of the aggregate, which makes the transition zone more 
variable and larger (Aïtcin, 1988; Aïtcin, 2004). Moreover, crushed sand was used as fine 
aggregate. The high-volume UFFA concrete contained basalt fibre and limewater was used as 
mixing water. As high-performance concrete requires a low w/c ratio, this mix proportion 
needed a high-range water reducer (HRWR). The HRWR used was sodium naphthalene 
formaldehyde sulphonate (Sikament NN) from SIKA Australia with a density of 1.2 kg/litre 
(Solikin, 2012). 
 
Ordinary Portland cement or ASTM Type I conforming to the requirements of Indian 
Standard IS 12269 (53 grade) and IS 3812-1 (BIS, 2003) was used in the study of Dinakar et 
al. (2008). Low-calcium Class F fly ash meeting the requirements of ASTM C618-08 (2008) 
was used. This fly ash was obtained from the Dadri Thermal Power Plant near Delhi, which is 
owned by the National Thermal Power Corporation (NTPC) of India. The specific gravity 
and 28-day strength of the cement was 3.15 and 57 MPa, respectively. The specific gravity, 
Blaine specific surface area, and percentage retained on a 45µm sieve of fly ash was 2.40, 
0.35 m
2
/g, and 4.13, respectively. Crushed granite with a maximum grain size of 20 mm and 
10 mm and a good quality well-graded river sand were used as coarse and fine aggregates, 
respectively. The coarse and fine aggregates had specific gravities of 2.68 and 2.65, 
respectively and the water absorption was 1.2%. The high-range water reducer (HRWR) used 
in this study was a commercially available sulphonated naphthalene formaldehyde (SNF) 
condensate. Specific adjustments were needed for all the other ingredients, sand, coarse 
aggregate, superplasticiser and water, to obtain an optimal mix (Dinakar et al., 2008). 
 
In the study of Siddique (2004), ordinary Portland (43 grade) cement similar to ASTM C150 
Type I cement was used. It conformed to the requirements of Indian Standard IS 8112 (1989). 
Class F fly ash with specific gravity of 2.72 was used in the investigation. The fine aggregate 
used was natural sand with a 4.75 mm nominal maximum size. The coarse aggregate used 
was 12.5 mm nominal maximum gravel. Both aggregates were tested in accordance with 
Indian Standard IS 383 (1970). A commercially available melamine-based superplasticiser 
was used (Siddique, 2004). 
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Naik et al. (1995b) and Naik and Singh (1991) stated that ASTM Type I Portland cement 
obtained from one source conforming to ASTM C150 requirements and ASTM high-calcium 
Class C fly ash from the Pleasant Prairie Power Plant, Kenosha, Wisconsin were used 
throughout their studies. This plant burns western sub-bituminous coal derived from the 
Western Wyoming South Powder River Basin. The fly ash was captured from flue gases by 
electrostatic precipitators (Naik and Singh, 1991). The fine aggregate was natural sand with a 
6.35 mm maximum size and was obtained from a local ready-mix concrete producer. The 
coarse aggregate used in this study was 25 mm nominal maximum size of crushed limestone 
obtained from one source (Naik et al., 1995b). Both the fine and coarse aggregates met the 
ASTM C33 gradation requirements. In another case, natural gravel obtained from the same 
local concrete producer with a maximum size of 19 mm was used as the coarse aggregate 
(Naik and Singh, 1991). A commercially available melamine-based superplasticiser was 
utilised to reduce the water requirements of concrete mixes to obtain improved strength 
properties of concrete (Naik et al., 1995b; Naik and Singh, 1991). The dosages of the 
superplasticiser were varied to achieve the desired levels of workability of fresh concrete, 
while maintaining the same very low w/c ratio. A resin type of air-entraining admixture was 
also used (Naik et al., 1995b). 
 
 
4.3  Typical Manufacturing Process 
 
In developing the research program, a review of previous attempts at manufacturing HVFA 
concrete was conducted. In the work of Solikin (2012), the binder was first mixed then the 
coarse aggregate and fine aggregate were added for dry mixing. This was followed by adding 
the water or saturated limewater and superplasticiser. The amount of superplasticiser added 
was adjusted to produce a suitable consistency. The superplasticiser was first thoroughly 
mixed with water, then poured into the dry mix of other ingredients in the study of Kumar et 
al. (2007a). The limewater was made by mixing 50% of saturated limewater and 50% of tap 
water. The reason for using only 50% of saturated limewater as mixing water was to avoid 
stiff consistency in the fresh concrete. A stiff consistency might happen as the use of 
limewater as mixing water in fly ash concrete is similar to the method of geopolymer 
concrete production in which a reaction of alkaline liquid with silicon and aluminium from 
by-product material is used (Davidovits, 1999; Vijai et al., 2010).  
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Dinakar et al. (2008) demonstrated that thorough mixing and adequate curing are very 
important to manufacture a good self-compacting concrete. The concrete was mixed in a pan 
mixer of 100 litres capacity in the laboratory. The mixing time was kept to about 3 to 4 
minutes for normal concretes. It was increased to about 5 to 6 minutes for self-compacting 
concretes made with superplasticiser in order to realise the potential of the superplasticiser. 
Generally, the demoulding was done between 12 and 24 hours of casting. For fly ash 
replacements of 50% and above, problems like material sticking to the moulds and loss in 
edges and corners were noticed, if the demoulding was done between 12 and 24 hours after 
casting. After a few trials, it was found that the demoulding had to start only after 3 days for 
self-compacting fly ash concretes with above 50% replacement levels. For 85% replacement, 
the demoulding started only after 6 days. In general, potable water was used for curing all the 
concretes. All the concretes were kept in a moist environment immediately after the initial set 
and before the demoulding. For concretes with more than 50% replacement by fly ash, 
immersion curing was adopted only after 7 days of moist curing (Dinakar et al., 2008). 
 
In addition, all the specimens in the study of Siddique (2004) were prepared in accordance 
with Indian Standard IS 516 (1959). After casting, the test specimens were covered with 
plastic sheets and left in the casting room for 24 hours at a temperature of about 24
o
C. The 
specimens were demoulded after 24 hours and placed a water-curing room until the time of 
the test. In the work of Atis (2003), all the test specimens were demoulded at 1 day and then 
cured under constant temperature and relative humidity conditions of 20°C and 65% relative 
humidity (RH) to simulate the real-life environment. For samples with low w/c ratios, 
hydration cannot adequately proceed in a low RH environment. 
 
Sivasundaram et al. (1990) reported that their concrete mix was mixed in a transit mixer. The 
coarse and fine aggregates were loaded in the transit mixer at a ready-mixed plant, and the 
rest of the ingredients were loaded prior to mixing at the laboratory. The program objective 
was to produce a concrete with low cement content and a high-volume of low-calcium fly ash 
to ensure reduced temperature rise above ambient conditions, thus avoiding thermal cracks, 
and to obtain sufficient strength and other mechanical properties to enable the use of this 
concrete in massive structural applications. This was achieved by keeping the w/c ratio at 
0.28 and a unit water content of 95 kg/m
3
, by obtaining the required workability by the use of 
a superplasticiser, and by controlling the placing temperature of the concrete at about12°C by 
pre-cooling the concrete ingredients, and maintaining the ambient temperature of the casting 
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room at 24°C. The concrete was mixed at an ambient temperature of -7°C, cast in one 
continuous operation into wooden forms, and compacted using large vibrators. The forms 
were removed one day after casting, and the concrete blocks were covered with burlap and 
cured for eight weeks with water spray at room temperature. Some of the test specimens were 
cured in a standard moist-curing room. The temperature of the block was monitored until it 
stabilized (Sivasundaram et al., 1990). 
 
Bouzoubaâ et al. (2001) reported that the coarse and fine aggregates were weighed in a room 
dry condition for all their mixes. The coarse aggregate was then immersed in water for 24 
hours. The excess water was decanted, and the water retained by the aggregates was 
determined by the weight difference. A predetermined amount of water was added to the fine 
aggregate and then allowed to stand for 24 hours. All the concrete mixes were mixed for 5 
minutes in a laboratory mixer. According to Bouzoubaâ et al. (2001) and Carette et al. 
(1993), all the cylinders and prisms were cast in two layers, with each layer being 
consolidated using an internal vibrator or vibrating table. After casting, all the moulded 
specimens were covered with plastic sheets and water-saturated burlap, and left in the casting 
room for 24 hours. They were then demoulded and transferred to the moist-curing room at23 
± 2
o
C and 100% relative humidity until the testing date. The only exception was the prisms 
for the drying shrinkage test that were stored in lime-saturated water for 7 days prior to being 
transferred to a chamber at 20 ± 2
o
C and 50% relative humidity (Bouzoubaâ et al., 2001; 
Carette et al., 1993). 
 
Naik and Singh (1991) reported that all the concrete ingredients have to be kept at room 
temperature prior to mixing. A rotary laboratory mixer was used to prepare the concrete 
mixes. The appropriate ASTM standard methods were used in making and curing concrete 
test specimens under laboratory conditions (Naik and Singh, 1991). In the work of Naik et al. 
(1995b), each test batch was mixed in a power-driven revolving paddle mixer according to 
ASTM C192.All the test specimens were cast according to ASTM C192. All the specimens 
were covered with plastic immediately after casting to minimise moisture loss. The 
specimens were stored at a temperature of approximately 23°C in the casting room area of a 
precast concrete plant and demoulded after 24 hours. They were then placed in a moist-curing 
room at 23°C with 100% relative humidity until the time of testing. The 70% fly ash mix 
specimens were demoulded after 11 days of curing under room conditions at 23°C due to 
their slow setting. 
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4.4  Properties – Strength 
 
Many studies of the properties of HVFA concrete have been reported by previous researchers. 
With respect to HVFA concrete, there is a concern within the industry that the low early 
strength is a potential problem (Burden, 2006), and strength development has been observed 
to be low in HVFA concrete. Siddique (2004) argued that the replacement of cement with 
40% to 50% fly ash content lowered the compressive, tensile and flexural strengths and 
modulus of elasticity of concrete at the age of 28 days, but there is a continuous and 
significant improvement in the strength properties beyond 28 days when compared to 
conventional Portland cement concrete. He also stated that the strength of concrete with 40% 
to 50% fly ash content, even at 28 days, is suitable for use in reinforced concrete construction 
(Siddique, 2004; Burden, 2006). ACI researchers, Yang et al. (2007) and Siddique (2004) 
stated that increasing the fly ash content in concrete reduces the compressive strength. When 
the proportion of fly ash is increased to 85%, 28 day compressive strength was reduced by 
more than 60% (Yang et al., 2007). These researchers also believed that at 28 days, HVFA 
concrete could reach its strength grade at the same level as a typical concrete mix, which is 
around 35 MPa.  
 
Malhotra and Ramezanianpur (1994) made a comparison of the properties of concrete with 
varying percentages of fly ash. By replacing 50% of the cement with fly ash, concrete with a 
compressive strength approaching 50 MPa was obtained at 28 days by using the water-
reducing properties of superplasticiser and a low water/cementitious (w/c) ratio (Makrides-
Saravanos, 1995). Initially the compressive strength of the 50% fly ash concrete developed at 
a slower rate than the control, but at ages beyond 56 days, the concretes achieved higher 
strength levels. A fly ash replacement level of 60% did not develop a sufficiently high 
strength to be of practical significance. The static modulus of elasticity values of concrete 
containing 50% fly ash were comparable to those of the control mix. The elastic modulus 
increased with an increase in the compressive strength and the relationship between modulus 
and compressive strength was very similar for both concretes. 
 
With the larger than normal replacement of cement with supplementary cementitious material 
(SCM), HVFA utilises a much lower w/c ratio of less than 0.40 to achieve adequate or higher 
early strength requirements (Crowley, 2012). The larger the total cementitious content and 
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the lower the w/c ratio, the better the compressive strength properties (McCarthy and Dhir, 
2005). Utilising a lower w/c ratio improves the durability of concrete and incorporating 
HVFA can help enhance positive effects on strength, static modulus, drying shrinkage, and 
reduced permeability, which is favourable to OPC concrete (Crowley, 2012). Low w/c ratio 
and superplasticiser are normally used to produce high-strength concrete. 
 
Based on the results obtained in the investigation of Naik and Singh (1991), it was concluded 
that concrete produced with superplasticiser can use up to 70% of cement replacement by fly 
ash to obtain the desired workability and compressive strength for structural applications. 
Since the tensile strength of the concrete decreased for 60% and 70% cement replacement 
levels, mix proportions can be adjusted if a particular job specification requires higher tensile 
strength than that achieved by this concrete. The early strength is reduced further if the 
percentage of replacement is increased. However, when the percentage of replacement is 
increased, the w/c ratio is reduced, increasing the later age compressive strength.  
 
In addition, it has also been stated that the use of fly ash in concrete is beneficial for fresh 
concrete to increase workability, reduce bleeding and retard time for setting. The increased 
workability of fly ash concrete can be seen from slump test results (Alvarez et al., 1988). The 
increase of workability is caused by the spherical shapes of the fly ash that reduce the friction 
between cement and aggregates, resulting in an increase in the workability of fresh concrete 
(Sata et al., 2007). In addition to increased workability, as the utilisation of fly ash in concrete 
tends to increase cohesion and pumpability and reduces segregation, the fresh properties of 
fly ash concrete are preferred in applications which require pumping and spraying of concrete 
(Sanjayan and Patnaikuni, 2004). The bleeding of fresh fly ash concrete depends on the 
original fineness of the fly ash and the w/c ratio of the concrete (Bouzoubaâ et al., 1999). The 
bleeding of concrete decreases significantly along with the increase in the fineness of the fly 
ash (Bouzoubaâ et al., 1999). However, when very a low w/c ratio is used, the bleeding of 
HVFA concrete ranges from very low to negligible (Bilodeau and Malhotra, 2000). In 
addition, fly ash generally reduces bleeding as it provides a greater volume of fines particles 
and needs lower water content in the mix (Nawy, 1996). The setting time of cement paste 
containing fly ash which is determined by the Vicat test show retardation in the setting time 
both for initial and final setting (Bentz et al., 2010a). The longer setting time of fly ash 
concrete is due to the decrease of cement content and the slow reaction process of the fly ash 
 58 
 
and the large amounts of superplasticiser used (Bilodeau and Malhotra, 2000). In addition, 
the increase of retardation is related to the increased fly ash content (Alvarez et al., 1988).  
 
The increase of the quantity of fly ash used in concrete will increase the concrete 
compressive strength until it reaches its optimum content, and beyond that point, the strength 
of concrete starts to decrease with the further addition of fly ash (Oner et al., 2005). Both the 
strength at a given age and the rate of strength gain of fly ash concrete are affected by the 
characteristics of the fly ash (properties, chemical composition, particle size, reactivity), the 
cement with which it is used, the proportions of each used in the concrete, the temperature 
and other curing conditions, as well as the presence of other additives (Hobbs, 1983; Berry 
and Malhotra, 1986; ACI Committee 232, 2004; Burden, 2006). 
 
Although concrete mixes containing fly ash tend to gain strength at a slower rate than 
concrete without fly ash, the long-term strength is usually higher (Bremner and Thomas, 
2004). After the rate of strength gain of hydraulic cement slows, the continued pozzolanic 
activity of fly ash provides strength gain at later ages if the concrete is kept moist; therefore, 
concrete containing fly ash with equivalent or lower strength at early ages may have 
equivalent or higher strength at later ages than concrete without fly ash, as long as the 
concrete is moist-cured or exposed to sufficient quantities of moisture during service 
(Burden, 2006). The strength gain will continue with time and results in higher later age 
strength than can be achieved by using additional cement (Berry and Malhotra, 1986; ACI 
Committee 232, 2004). However, by using accelerators, activators, water reducers, or by 
changing the mix proportions, equivalent 3 or 7-day strength may be achieved (ACI 
Committee 232, 2004).  
 
High-calcium Class C fly ashes show a more rapid strength gain at early ages than concrete 
made with a low-calcium Class F fly ash, because Class C ashes often exhibit a higher rate of 
reaction at early ages than Class F ashes (Bremner and Thomas, 2004; ACI Committee 232, 
2004). However, Class F ashes contribute to greater long-term strength gain of concrete than 
Class C ashes in spite of the slower rate of strength development at early ages. Because of its 
fineness and pozzolanic activity, fly ash in concrete improves the quality of cement paste and 
the microstructure of the transition zone between the binder matrix and the aggregate. As a 
result of the continual process of pore refinement due to the inclusion of fly ash hydration 
products in concrete, a gain in strength development with curing is achieved (Joshi and 
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Lohtia, 1997). It should be noted that elevated temperature curing is very beneficial to the 
early strength and subsequent future strength gain of fly ash concrete because of the higher 
activation energy required for pozzolanic reactions (ACI Committee 232, 2004; Burden, 
2006). 
 
As fly ash concrete needs a longer period to complete its pozzolanic reaction, the curing of 
the concrete becomes very important to maintain the pozzolanic reactivity of fly ash. The 
strength of concrete containing fly ash is more sensitive to poor curing than concrete without 
fly ash (Solikin, 2012). The sensitivity increases along with the increased amounts of fly ash 
used in the mixes (Ramezanianpour and Malhotra, 1995). However, there are distinct 
advantages of HVFA concrete where time and heat of curing is not a major factor affecting 
compressive strength. 
 
The modulus of elasticity of fly ash concrete can be obtained from the tangent slope of the 
stress-strain diagram and the modulus of elasticity of concrete containing fly ash, particularly 
at early ages, is slightly higher than that of OPC concrete (Nawy, 1996). In addition, when 
HVFA is used in concrete, the higher the amount of fly ash used will reduce the modulus of 
elasticity of concrete and lead to the increase of concrete brittleness (Sengul et al., 2005). 
However, the use of a low content of fine fly ash potentially increases concrete stiffness, i.e. 
tensile strength and modulus elasticity (Haque and Kayali, 1998; Solikin, 2012). 
 
The relationships between the tensile strength, flexural strength and elastic modulus, and the 
compressive strength of concrete are not significantly affected by the presence of fly ash at 
low and moderate levels of replacement (Solikin, 2012). Malhotra and Mehta (2005) 
indicated that the long-term flexural and tensile strength of HVFA concrete may be much 
improved due to the continuing pozzolanic reaction strengthening the bond between the paste 
and the aggregate. They further suggested that the elastic modulus of HVFA concrete may be 
increased due to the presence of significant amounts of unreacted fly ash particles, which act 
as fine aggregate and because of the very low porosity of the interfacial zone (Malhotra and 
Mehta, 2005). 
 
CANMET has performed studies to investigate the typical strength development of HVFA 
concrete and have shown one-day strength of approximately 8 MPa, 28-day strength of 
approximately 35 MPa, and 91-day strength of approximately 45 MPa (Burden, 2006). 
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However, it must be noted that strength values will differ depending on the materials and 
proportions used. CANMET also reports that HVFA concrete can be used for high-strength 
concrete applications, since field studies have been conducted on HVFA concrete and 
strengths ranged from 35 to 50 MPa at 28 days, and from 50 to 70 MPa at 90 days (Bilodeau 
et al., 2001; Langley and Leaman, 1998; Burden, 2006). With HVFA concrete mixes, the 
strength enhancement between 7 and 90 days often exceeds 100%. Therefore, some 
researchers believe that it is unnecessary to overdesign them with respect to a given specified 
strength (Mehta, 2004). 
 
EcoSmart’s various case studies have also resulted in positive information regarding the early 
age strength of HVFA concrete (Burden, 2006). They reported that HVFA concrete 
demonstrates enough strength development to produce adequate strength at one day. They 
observed a one day strength of 10 MPa, which is consistent with the findings of CANMET. 
EcoSmart also found that some concrete mixes containing fly ash developed lower strengths 
at 3 and 7 days of age, but achieved higher ultimate strengths when properly cured (Gillies, 
2001). It is well accepted amongst researchers that in order for HVFA concrete to achieve 
equivalent or higher ultimate strengths than conventional Portland cement concrete, adequate 
extended moist curing is needed (Burden, 2006). 
 
Solikin (2012) investigated the effect of type of fly ash, the kind of mixing water and basalt 
fibre on the strength of concrete. The use of UFFA is the most significant factor in increasing 
strength development of concrete, both in compressive strength and modulus of rupture. 
Limewater becomes the second important factor to increase the concrete compressive 
strength development of high-volume UFFA to figures similar to OPC concrete starting at the 
testing age of 28 days. Nevertheless, different from compressive strength development, it was 
found that the modulus of rupture development of high-volume UFFA concrete is lower than 
that of OPC concrete. 
 
Furthermore, the properties of HVFA concrete are strongly dependent on the characteristics 
of the cement and fly ash used, according to Bilodeau and Malhotra (2000). In general, the 
mechanical properties of HVFA concrete are excellent due to its low water content and low 
w/c ratio, and the dense microstructure. Due to the slow pozzolanic reaction, the HVFA 
concrete achieves significant improvements in its mechanical properties at later ages when 
compared with conventional OPC concrete. Nevertheless, its early-age mechanical properties 
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are adequate, and these can be significantly improved by using ASTM Type I cement with 
rapid strength development or ASTM Type III cement, if necessary. 
 
The laboratory test results of Atis (2003) showed that HVFA concrete attained satisfactory 
compressive and tensile strength at 1 day of age. This study also showed that 50% 
replacement HVFA concrete developed higher strength than OPC concrete at 28 days and 
beyond. HVFA concrete achieved satisfactory or higher compressive and tensile strength 
when compared to OPC concrete (Atis, 2003). The compressive strength and modulus of 
elasticity values were also found to be high in comparison with that of a normal OPC 
concrete of similar strength (Sivasundaram et al., 1990). It was also observed that self- 
compacting concretes of lower strength grades of about 15-35 MPa can be produced with fly 
ash replacement of 70 to 85%, while higher strength grades of about 50-80 MPa can be 
produced with 30 to 50% of fly ash replacement (Dinakar et al., 2008). In addition, the test 
results reported by Siddique (2004) indicated that the use of high volumes of Class F fly ash 
as a partial replacement of cement in concrete decreased the 28-day compressive, indirect 
tensile strength, flexural strength, modulus of elasticity, and abrasion resistance of the 
concrete. However, all these strength properties and abrasion resistance results showed 
continuous and significant improvement at the ages of 91 and 365 days, most probably due to 
the pozzolanic reaction of the fly ash. The strength of concrete with 50% fly ash content, 
even at 28 days is suitable for use in reinforced cement concrete construction.  
 
 
4.5  Methods of Improving Strength 
 
The replacement of OPC with supplementary cementitious material such as fly ash in 
concrete will decrease the early age strength, increase ultimate strength, and decrease the heat 
of hydration (ACI Committee 232, 2004; Niemuth, 2012). The particle size, shape, texture 
and the mineralogical characteristics of fly ash influence the properties of both fresh and 
hardened concrete (Malhotra and Mehta, 2005; Solikin, 2012). The pozzolanic properties of a 
good quality fly ash are mainly determined by the mineralogy, low carbon content, high glass 
content, and 75% or more of particles finer than 45 µm (Malhotra and Mehta, 2002). Hence, 
the utilisation of different sources of fly ash will produce different concrete properties. 
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Furthermore, the use of a polycarboxylate polymer has been shown to improve the properties, 
increasing the 7 day strength to as high as 60 MPa with 40% fly ash in the concrete mix 
replacing cement (Elsageer et al., 2009). In addition, the calcium content in fly ash affects the 
strength development and final compressive strength, with a higher calcium content resulting 
in faster strength development and higher compressive strength (Wallah and Rangan, 2006).  
 
The HVFA concrete system greatly overcomes the low early strength issue by the enormous 
reduction in the w/c ratio using a combination of methods, such as taking advantage of the 
superplasticising effect of fly ash when utilised in a high volume, the use of a chemical 
superplasticiser, and careful aggregate grading (Mehta, 2004). It is generally observed that 
the partial replacement of cement by fly ash in a mortar or concrete mix reduces the water 
requirement for obtaining a given consistency (Mehta, 2004). Experimental studies by Owen 
(1979) and Jiang and Malhotra (2000) have demonstrated that with HVFA concrete mixes, 
depending on the quality of fly ash and the amount of cement replaced, up to 20% reduction 
in water requirements can be achieved. This shows that good fly ash can be used as a 
superplasticising admixture when used at high volume. The occurrence is attributed to three 
mechanisms by Mehta (2004). Firstly, fine particles of fly ash are absorbed on the oppositely- 
charged surfaces of cement particles and prevent them from flocculation. The cement 
particles are thus effectively dispersed and trap large amounts of water, which reduces the 
water requirement to achieve a given consistency. Secondly, the spherical shape and smooth 
surface of fly ash particles help to reduce inter-particle friction and thus facilitate mobility. 
Thirdly, the “particle packing effect” is also responsible for the reduced water demand in 
plasticising the system. It may be noted that both Portland cement and fly ash particles that 
are mostly in the 1 to 45 µm size range contribute, and therefore perform as excellent fillers 
of the void space within the aggregate mix. In fact, fly ash is a more efficient void filler than 
Portland cement, due to its lower density and higher volume per unit mass (Mehta, 2004). 
 
Reducing fly ash particle size is one of the avenues to enhance the reactivity of fly ash to 
improve the performance of HVFA concrete (Obla et al., 2003). One method to enhance the 
strength performance of fly ash is therefore grinding raw fly ash to become ultra-fine fly ash 
(UFFA). The use of UFFA significantly increases the compressive strength of HVFA 
concrete compared with the use of raw fly ash (Chindaprasirt et al., 2007; Kiattikomol et al., 
2001).  
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In addition, the use of lime or limewater improves the concrete compressive strength. Up to 
50% fly ash can be used to deliver similar mechanical properties to OPC using saturated 
limewater as mixing water (Solikin et al., 2011; Solikin, 2012). The use of both high-volume 
UFFA and limewater as an activator can produce high-strength concrete with high 
performance properties as it enhances compressive strength development and improves the 
durability of concrete (Solikin et al., 2011). In concrete mix proportioning, the use of UFFA 
and limewater respectively are the two most important factors in increasing the compressive 
strength of HVFA concrete.  
 
 
4.6  Properties – Durability 
 
The durability of Portland cement concrete is defined as its ability to resist weathering action, 
chemical attack, abrasion or any other process of deterioration, and hence to retain its original 
shape, dimension, quality and serviceability; that is, durable concrete will retain its original 
form, quality, and serviceability when exposed to its environment in accordance with ACI 
201.2R-01 (ACI Committee 201, 2001). Durability can be described as a long service life, 
since no material is naturally durable because of the interaction of its microstructure with the 
environment (Mehta, 1986). Consequently, the properties of materials change with time. A 
material is assumed to reach its end of service life when the continuing use of the material 
will be either unsafe or uneconomical (Mehta, 1986). The durability of concrete with fly ash 
incorporated is better than that of normal concrete (Nawy, 1996). HVFA has shown good 
overall performance in improving durability due to the large volume replacement of Portland 
cement, making Class C or Class F HVFA concrete a more sustainable and economical 
choice (Langley et al., 1989; Mehta, 2004; Carette et al., 1993; Barrett et al., 2011; 
Meininger, 2010; Bentz et al., 2010b; Naik et al., 2003; Crowley, 2012). Larger volumes of 
fly ash from 25% to 60% should be used for replacing cement to enhance the durability of 
concrete (Aggarwal et al., 2010). Furthermore, these researchers stated that Class F fly ash 
will improve concrete properties by reducing drying shrinkage, producing smaller crack 
widths, and better robust tensile strain ductility. HVFA concrete has high durability to  
reinforcement corrosion, alkali-silica expansion, sulfate attack, and superior dimensional 
stability and resistance to cracking from thermal shrinkage, autogenous shrinkage, and drying 
shrinkage (Mehta, 2004).  
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The durability aspects considered in the study of Malhotra (1990) are freezing and thawing 
cycles, resistance to chloride ion permeability and the expansion of concrete specimens when 
highly reactive aggregates are used in the concrete. The investigations performed at 
CANMET since 1985 indicated that concrete incorporating high volumes of low-calcium fly 
ash has excellent durability with regard to frost action, has very low permeability to chloride 
ion diffusion and considerably reduces the expansion due to the alkali-silica reaction 
(Malhotra, 1990). Moreover, fly ash concrete significantly lowers weight losses, increases the 
efficiency of abrasion resistance, increases resistance to wet and dry repetition testing, and 
increases water repellence (Dinakar et al., 2008; Yoon et al., 2002). Naik et al. (1995b) have 
shown that all their mixes up to 50% cement replacement by fly ash showed good resistance 
to air permeability, water permeability, and the lowest permeability value at 91 days. 
 
The main method to improve the durability of HVFA is by reducing the size of the pore 
structure, which in turn, reduces the permeability of the concrete (ACAA, 2003; Taylor, 2011; 
Barrett et al., 2011; Bilodeau et al., 1994; Sujjavanich et al., 2005; Crowley, 2012). Water is 
needed to physically and chemically start the process of hydration in concrete, but can affect 
the durability properties (ACI Committee 201, 2001; Crowley, 2012). A concrete which fails 
in durability is mostly due to the movement of fluids through the concrete (Taylor, 2011; 
Crowley, 2012). Fly ash is not as dense as Portland cement and requires a higher volume per 
unit mass; this increase of the overall amount of hydrated cementitious materials will lead to 
a decrease in permeability over time (Taylor, 2011; Mehta, 2004; Crowley, 2012). 
 
Solikin (2012) has demonstrated that HVFA concrete has lower water absorption properties, 
especially when measured using the apparent volume of permeable voids, which fulfils the 
criteria for durability. A further reduction in water absorption was noted when a combination 
of UFFA and limewater as mixing water was used, compared to OPC concrete. In regard to 
water absorption properties, the apparent volume of permeable voids (AVPV) describes 
concrete durability, in which the lowest AVPV leads to superior concrete durability 
properties. The lower water absorption properties protect the HVFA concrete from the 
influence of aggressive environmental substances and lead to increased concrete durability 
(Solikin, 2012). The decrease of voids in HVFA concrete significantly increases the 
resistance of concrete to sulfate absorption and increases the resistance to chloride attack 
(Solikin, 2012). 
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The permeable voids present in concrete, which indirectly represent the permeability, 
decreased with an increase in strength and increased with an increase in fly ash dosage 
(Dinakar et al., 2008). The absorption decreased with a decrease in permeable voids. The 
deterioration of concrete subjected to 3% sulphuric acid (H2SO4) solution showed that the 
weight loss significantly decreased with increasing fly ash replacement percentage in self- 
compacting concretes (Dinakar et al., 2008). In acid attack and chloride diffusion studies, 
HVFA self-compacting concrete had significantly lower weight losses and chloride ion 
diffusion than normal concrete (Dinakar et al., 2008). 
 
The durability of HVFA has also been attributed to the good quality air-void system 
(Bilodeau and Malhotra, 2000; Taylor, 2011; Crowley, 2012). Air entraining admixtures are 
an important addition in reducing freeze/thaw damage for HVFA (Langley et al., 1989; 
Bilodeau and Malhotra, 2000; Taylor, 2011; Crowley, 2012). Air entraining admixtures can 
be influenced by the carbon content in fly ash (Bilodeau and Malhotra, 2000; Crowley, 2012). 
Although some fly ashes may have a very high carbon content, a higher dosage of air 
entraining admixture can be added to compensate (Bilodeau and Malhotra, 2000; Crowley, 
2012). According to Makrides-Saravanos (1995), fly ash concrete achieved a level of 
durability comparable to the control mix for frost and sulphate resistance. A 50% replacement 
of the cement with fly ash produced concrete with satisfactory frost resistance, provided air-
entrainment was used and a 28-day curing period preceded exposure to rapid freezing and 
thawing (Makrides-Saravanos, 1995). 
 
Atis (2002) studied the abrasion resistance of HVFA concrete. His analysis of results showed 
that abrasion resistance increased as compressive strength increased (Atis, 2002; Aggarwal et 
al., 2010). Atis (2002; 2003) observed that the abrasion volume of concrete decreased with 
increasing compressive strength, and HVFA concrete showed better abrasion resistance than 
OPC concrete, particularly at high compressive strength. The abrasion resistance of concrete, 
measured by the sand-blasting method, decreased with increasing fly ash content and 
decreasing compressive strength (Kumar et al., 2007a). The abrasion resistance of concrete 
decreased for cement replacement with fly ash beyond 30% and up to 70% (Naik et al., 
1995b). 
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Sujjavanich et al. (2005) investigated the effect of high volumes of fly ash in concrete on 
steel corrosion and chloride penetration. They concluded that HVFA concrete has lower 
chloride permeability and a tendency to cause minimal or no corrosion risk (Sujjavanich et 
al., 2005; Aggarwal et al., 2010). Sengul et al. (2005) studied the effect of partial replacement 
of from 0% to 70% of cement by fly ash in concrete on its compressive strength, brittleness 
index and chloride penetration. They reported that HVFA concrete showed decreased 
compressive strength at 28 days, better strength at later ages, i.e. 56 and 120 days, increased 
brittleness index and better resistance to chloride ion penetration (Sengul et al., 2005; 
Aggarwal et al., 2010). Vengata (2009) reported that the addition of fly ash in high volumes 
considerably decreases the permeability of concrete, even though the strength of fly ash 
concrete at 28 days is not well presented (Vengata, 2009; Aggarwal et al., 2010). According 
to the research of Naik et al. (1995b), all the mixes up to 50% cement replacement exhibited 
moderate chloride ion permeability at about two months of age. At three months, all the fly 
ash mixes up to 50% cement replacement showed low permeability, while the reference mix 
and the 70% mix showed moderate chloride permeability. At one year, all the mixes except 
the reference mix attained very low permeabilities, ranging from 230 to 605 coulombs (Naik 
et al., 1995b). 
 
HVFA concrete also exhibited adequate early-age strength and very high later-age strength, 
low drying shrinkage, and excellent durability characteristics that are essential for the 
sustainability enhancement of modern concrete construction (Nawy, 1996). In regard to the 
durability of fly ash concrete, Bouzoubaâ et al. (1999) revealed that the use of fly ash 
increases concrete resistance against alkali aggregate reaction, resistance to sulfate attack, 
resistance to chloride-ion penetration, resistance to freezing and thawing cycles and de-icing 
salt-scaling resistance (Bouzoubaâ et al., 1999; Solikin, 2012). The deterioration of concrete 
that reduces its durability occurs after the concrete is in contact with the environment, and the 
deterioration usually refers to deterioration mechanisms such as chloride ion deterioration, 
carbonation-induced reinforcement corrosion, sulfate attack, and salt-scaling (Al-Tamimi et 
al., 1998; Solikin, 2012). A 50% fly ash mix exhibited slight to moderate surface scaling, 
while a 70% fly ash mix performed poorly in salt-scaling tests (Naik et al., 1995b). 
 
Chloride ion penetration is the most overwhelming problem that affects normal concrete 
exposed to the environment. Chloride ions in adequate amounts will change the 
microstructure of concrete and seriously damage the concrete because when it reaches the 
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steel reinforcement it will depassivate steel reinforcement and cause corrosion to occur, even 
under the conditions of high pH characteristic of concrete pore solutions (Aïtcin, 2004). The 
reaction of chloride with un-hydrated tricalcium aluminate, a substance in cement 
composition, will produce an expansive product called Friedel’s salt (Islam et al., 2010). This 
salt has a property of low to medium expansion. The formation of excess calcium chloride, 
which may leach out, results in increasing concrete permeability. The complex process of 
chloride ion transport from seawater or de-icing salts into concrete comprises a number of 
procedures such as diffusion, capillary suction and convection, and its transport is affected by 
several factors (Elakneswaran et al., 2009). The most important variable related to chloride 
ion ingress is concrete porosity, which lowers porosity, and reduces chloride ion ingress. 
Therefore, the use of pozzolanic material such as silica fume or fly ash, a low w/c ratio and 
better concrete compaction could reduce concrete porosity (Collepardi and Biagini, 1989; 
Collepardi et al., 1972).  
 
In addition to carbonation, which is another cause of concrete deterioration, the reaction 
between concrete and CO2 in the atmosphere reduces concrete’s pH to less than 9. The 
decrease of concrete’s pH leads to the depassivation of steel reinforcement and causes 
corrosion to occur (Papadakis et al., 1989). Carbonation usually occurs in urban 
environments with high concentrations of CO2 in the atmosphere. The CO2 reacts with 
Ca(OH)2, a product of concrete hydration, to produce CaCO3, which lowers the pH. The 
reaction needs water as a medium of reaction, as shown in the chemical reaction below 
(Papadakis et al., 1989). With the same concentration of CO2 in the atmosphere, higher 
Ca(OH)2 in concrete would be beneficial to extend the period for CO2 to ingress into the 
concrete (Solikin, 2012). The chemical reaction is shown below: 
 
CO2 + H2O  H2CO3 
Ca(OH)2 + H2CO3 CaCO3 
 
Several researchers have revealed that the carbonation depth of concrete increases when the 
compaction of fresh concrete decreases, the permeability increases, the strength decreases, 
the w/c ratio increases, the cement content decreases and the fly ash content increases (Berry 
and Malhotra, 1986; Burden, 2006; Gebauer, 1982; Roberts, 1981). The utilisation of UFFA 
and low w/c ratios have been attempted to improve the resistance to carbonation in HVFA 
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concrete to produce durable concrete (Solikin, 2012). The carbonation tests conducted by 
Solikin (2012) showed that HVFA in concrete binds carbon from the atmosphere better than 
OPC concrete. However, this disadvantage can be reduced by using a combination of UFFA 
and limewater as mixing water, which significantly increases Ca(OH)2 and thus decreases 
carbonation attack in HVFA concrete. Carbonation tests of fly ash concrete showed the use of 
high volumes of fly ash as cement replacement increases the carbonation attack in concrete 
(Solikin, 2012). However, the use of limewater as mixing water is beneficial to decrease 
carbonation deterioration.  
 
In addition, Burden (2006) stated that increasing the w/c ratio decreases compressive 
strength, increases permeability and increases carbonation rates. At the early age of 28 days, 
concrete containing fly ash at replacement levels of 30, 40, and 50% has lower compressive 
strength, higher permeability, and higher carbonation rates than concrete containing no fly 
ash. However, at the later ages of 90 days and one year, concrete containing fly ash at 
replacement levels of 30, 40, and 50% has lower permeability, but still lower compressive 
strengths if not continuously cured for one year, and higher carbonation rates than concrete 
containing no fly ash. Increasing the duration of moist curing for HVFA concrete resulted in 
higher compressive strength, lower permeability, and lower carbonation rates (Burden, 2006). 
Strength, permeability, and carbonation values were all affected by the fly ash composition 
(Burden, 2006).  
 
The other deterioration mechanism in concrete is sulfate attack, which is caused by the 
reaction of hardened concrete substances with sulfate ions from internal or external sources 
(Skalny et al., 2002). Their laboratory experiments showed a decomposition reaction of 
primary cement hydration products (calcium hydroxide and calcium-silicate-hydrate) to 
produce gypsum, that subsequently creates ettringite, and the growth of the crystal formation 
causes expansion, cracking, and loss of adhesion and strength in concrete (Mehta, 1992). 
During two years of exposure to a 10% Na2SO4 solution, HVFA concrete with the binder 
content of 400 kg/m
3
 and a replacement level of 50% HVFA steadily gained compressive 
strength, and no deterioration was observed in the study of Torii et al. (1994). The laboratory 
test data showed that the replacement of Portland cement by relatively large amounts of fly 
ash effectively improved the resistance of concrete to sulfate attack. Chemical analysis also 
showed that the excellence of HVFA concrete in sulfate resistance was attributed primarily to 
the prevention of ingress of sulfate ions into the concrete, resulting in little formation of 
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gypsum and/or ettringite (Torii et al., 1994). From the results, it can be concluded that high 
fly ash content concrete is not only economical but also beneficial for the improvement of 
chemical resistance (Torii et al., 1994). 
 
Furthermore, for permeable concrete exposed to sodium sulfate salt solution, the sulfate 
attack mechanism is not a chemical reaction, but is considered as a physical action (Mehta, 
1992). The mechanism starts when the solution rises to the concrete surface by capillary 
action and the salt becomes super-saturated due to surface evaporation and the expansion of 
crystal develops, generating massive pressure to cause cracking. The source of sulfate ions 
might be derived from internal sources, caused by excessive sulfate in clinker and cement, or 
external sources caused by sulfate chemical substances such as Na2SO4, K2SO4, and CaSO4 
(Solikin, 2012). The internal sulfate ions primarily come from cement while the external 
sulfate source is mostly groundwater. Regardless of the source, poor concrete casting practice 
will cause sulfate attack, which leads to permeable concrete and enables sulfate ions to 
penetrate porous concrete through its open pore structure (Solikin, 2012). 
 
Burden (2006) has also reported that electrical resistivity correlates very well with rapid 
chloride permeability testing. There is a better correlation with low permeable concrete than 
with highly permeable concrete because of the heating effect that occurs during rapid 
chloride permeability testing with high permeable concrete (Burden, 2006). HVFA concrete 
has much higher electrical resistivity and resistance to chloride ion penetration after three to 
six months of curing, according to ASTM C1202 (Mehta, 2004). 
 
 
4.7  Typical Applications 
 
HVFA concrete has excellent potential for use in massive concrete structures such as mat 
foundations, large retaining walls, piles, large columns and dams (Sivasundaram et al., 1990). 
Helmuth (1987) stated that although the use of fly ash in concrete had increased, less than 
20% of the fly ash collected was used in the cement and concrete industry. Malhotra and 
Mehta (2005) reported that some civil engineering structures were built using HVFA concrete. 
The structures were a concrete block for communication satellites, in Ottawa, Canada; the 
Park Lane Hotel, Halifax, Canada; polypropylene fibre reinforced high-volume fly ash shot-
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crete, Nova Scotia, Canada; seismic rehabilitation of Barker Hall, University of California at 
Berkeley, U.S.A; and residential buildings in San Francisco.  
 
Generally, concrete mixes with up to 50% cement replacement with fly ash show satisfactory 
performance with respect to the strength and physical durability properties appropriate for 
structural applications (Naik et al., 1995a). Since shrinkage is one of the factors causing 
cracking in pavement and floor slabs, the low shrinkage of HVFA concrete can be 
particularly beneficial for preventing shrinkage cracks (Atis, 2003). The number of joints 
made in concrete pavement construction could also be reduced by the use of HVFA concrete, 
due to its lower shrinkage strains (Atis, 2003). With its high strength and low shrinkage 
properties, HVFA concrete is a possible alternative to the OPC concrete used for road 
pavement applications and large industrial floors (Atis, 2003).  
 
The HVFA technology has been trialled in the field. For example the construction of roads in 
India implemented 50% OPC replacement with fly ash (Desai, 2004). Fly ash can be used in 
concrete pavements for economic and ecological benefits. Adams (1988) also encouraged the 
use of fly ash in concrete pavements. Kumar et al. (2007a) studied the suitability of 
superplasticised HVFA concrete for pavements. He concluded that HVFA concrete with 50% 
to 60% fly ash can be designed to fulfil the requirements of strength and workability that are 
suitable for concrete pavement construction (Kumar et al., 2007a; Aggarwal et al., 2010).  
 
HVFA concrete was first developed for mass concrete applications where low heat generation 
and adequate early strength were required (Sivasundaram, 1986). Successive work has 
demonstrated the excellent mechanical and durability properties of HVFA concrete that can 
also be used for structural applications and for pavement construction (Malhotra, 1986; 
Langley et al., 1989; Naik et al., 1995a; Langley et al., 1998). Some investigations have also 
shown the potential use of HVFA system for shot-creting (Zhang et al., 1997), lightweight 
concrete (Bilodeau et al., 1998), and roller-compacted concrete (Langley et al., 1998). 
CANMET has also worked on the development of blended cement incorporating high 
volumes of fly ash (Naik et al., 1997; Kawaguchi, 1998). The use of HVFA concrete may 
overcome the issues of additional quality control and storage facilities related to the addition 
of fly ash as a separate ingredient at ready-mixed concrete batching plants (Bilodeau and 
Malhotra, 2000). High volumes of fly ash replacement are often employed for mass concrete 
due to the decrease in heat generation and the associated thermal stresses (Niemuth, 2012). In 
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addition to the low heat of hydration and low cement content, which make it suitable for mass 
concrete structures, HVFA concrete has significant potential for application in concrete 
construction (Malhotra, 1990). 
 
Based on his test results, Siddique (2004) concluded that Class F fly ash can be suitably used 
as up to 50% level of cement replacement in concrete for use in precast elements and 
reinforced cement concrete construction. Reiner and Rens (2006) reported that replacing 
Portland cement with HVFA would provide environmental and economic benefits and still 
achieve the required workability, durability, and strength testing necessary for the design of 
the foundations and basement walls of structures. The construction of HVFA concrete 
infrastructure products built include an alley panel, curb and gutter sections in the City and 
County of Denver, precast manholes and lids, prestressed double-tee girders, precast 
manholes, road panels and curb and gutter panels in the Denver, Colorado area, twin-tee 
prestressed girders and structural foundation storage shed walls (Reiner and Rens, 2006). 
 
In addition, HVFA concrete with 50% fly ash was used throughout the construction of the 
computer sciences building at York University in Toronto, Ontario (Hopkins et al., 2001). 
The building was designed and constructed in accordance with green building practices, 
including an energy-efficient building envelope; natural illumination, ventilation and heating; 
reduced resource consumption; efficient land use; reduced emissions; and use of recycled 
materials (Hopkins et al., 2001). The concrete used in the columns, walls and suspended slabs 
had a specified strength of 30 MPa and that used in the slab-on-grade had a specified strength 
of 25 MPa (Hopkins et al., 2001). The maximum w/c ratio was 0.45 and there was a 
requirement that the concrete received a minimum of 7 days moist curing (Hopkins et al., 
2001). The fly ash used had an exceptional water-reduction effect, allowing the water content 
of the mix to be reduced by about 35 kg/m
3
 compared with the concrete producer's typical 30 
MPa mix without fly ash (Hopkins et al., 2001). It was generally observed that the use of 
50% fly ash in the concrete was relatively easy to be placed and finished within the 
construction schedule. An early-age plastic cracking issue during hot windy weather was 
addressed through the use of an evaporation retardant and the expedient application of wet 
burlap (Hopkins et al., 2001). The slump and strength of the concrete delivered to site was 
found to be reasonably consistent throughout the construction period in winter and summer 
seasons. Fly ash contents of up to 50% may be suitable for most elements, provided the early-
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age strength requirements of the project can be met, and provided that adequate moist-curing 
can be ensured (Thomas, 2007). 
 
A summary of mix proportions and relevant properties of HVFA from the literature review is 
given in Table 4.1.  
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Table 4.1: Details of HVFA from the literature review.  
References % 
Fly 
Ash 
Cement 
Content 
(kg/m
3
) 
w/c Compressive 
Strength (MPa) 
Modulus 
of 
Elasticity 
(GPa) 
Flexural 
strength 
(MPa) 
 
Indirect 
tensile 
strength 
(MPa) 
Creep 
(micro
strain) 
 
Drying 
Shrink-
age, 
(microst
rain) 
Others 
7 
days(d) 
14 
days
(d) 
28 
days
(d) 
(Elsageer 
et al., 
2009) 
45 202 0.30 ~60(8d)  ~74(
32d) 
     Superplasticiser 
used: 
polycarboxylate 
polymer 
30 243 0.36 ~61(8d)  ~76(
32d) 
     
15 284 0.41 ~65(8d)  ~80(
32d) 
     
0 316 0.46 ~62(8d)  ~75(
32d) 
     
(Oner et 
al., 2005) 
37 320 0.50   39.5       
30 320 0.54   42.7      
0 400 0.60   41.5      
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Table 4.1: Details of HVFA from the literature review.  
 
(Mehta, 
2004) 
50 154 0.39   25       
0 307 0.58   25      
(Crouch et 
al., 2007) 
Class 
C 
50.
1 
164 0.34   ~50      Air entrainer, Type 
E and A admixture 
added 
25 251 0.40   ~40      
Class 
F 
50.
1 
177 0.35   ~33      
20 268 0.45   ~32      
(Yang et 
al., 2007) 
85 190 0.24 8.2(3d)  21.4      High-range water-
reducing 
admixture and 
polyvinyl alcohol 
(PVA) fibre added 
71 362 0.26 17.1 
(3d) 
 38.4      
55 571 0.26 30.6 
(3d) 
 52.6      
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Table 4.1: Details of HVFA from the literature review.  
 
(Raju et al., 
1994) 
40  0.4   45       
(McCarthy 
and Dhir, 
2005) 
45 350 0.26 45.0 55.5       Compressive cube 
(100mm) strength 
test 0 510 0.37 52.5 62.5       
0 385 0.49 34.5 41.5  28.5   1 year 1 year  
1200 560 
45 245 0.38 34.5 41.5  29.0   600 545 Superplasticising 
admixture used 
45 245 0.38 34.0 42.5  30.0   660 530 No superplasticiser 
(Bouzouba
â et al., 
2001) 
55 170 0.32 20.9 27.1 30.5 22.4 4.0 2.2  28 d Genesee fly ash, 
air-entraining 
admixture and 
superplasticiser 
added 
272 
0 385 0.40 32.5 34.4 38.6 30.3 6.3 3.3  283 
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Table 4.1: Details of HVFA from the literature review.  
(ACI 
Committee 
211, 1993) 
  0.20   83      Superplasticiser 
(Solikin, 
2012) 
50 225 0.31   70.9      UFFA with tap 
water, 
superplasticiser 
0.31   66.7      Raw fly ash with 
limewater, 
superplasticiser 
0.31   78.7      UFFA with 
limewater, 
superplasticiser 
(Makrides-
Saravanos, 
1995) 
50     47.5 33   300 d 300 d Superplasticiser 
and low w/c ratio, 
Class C fly ash 
360 430 
(Burden, 
2006) 
50  0.34-
0.50 
  35-
50 
     Superplasticiser 
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Table 4.1: Details of HVFA from the literature review. 
 
(Atis, 
2003) 
70 120 0.28 24.01  33.2
5 
 3.81 2.53  6 month Superplasticiser 
394 
70 120 0.29 18.60  30.5
5 
 4.60 2.51  263 No superplasticiser 
50 200 0.33 38.00  57.0
0 
 5.63 4.06  413 Superplasticiser 
50 200 0.30 48.30  66.5
5 
 6.11 4.20  294 No superplasticiser 
(Dinakar et 
al., 2008) 
30-50 83-225    50-
77 
     Superplasticiser 
70-85 275-385    14-
35 
     
(Carette et 
al., 1993) 
58 152 0.33 18-27  26-
43 
32-39 3.4-6.1 
(14 d) 
2.5-3.9 196 d 224 d Air-entraining 
admixture and 
superplasticiser 
added 
277-
364  
418-606 
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Table 4.1: Details of HVFA from the literature review. 
 
(Hopkins et 
al., 2001) 
50  0.45   25-
30 
     7 days moist 
curing 
(Sivasunda
ram et al., 
1991) 
58 155 0.31   52 (1 
year) 
   156-
352 
  
225 0.22   83 (1 
year) 
   211-
501 
  
(Hazaree et 
al., 2006) 
0 160 0.81 27.7  33.2  F1 F2 2.4   Class F fly ash,  
F1-finer fly ash, 
F2-fly ash, 
High-range water 
reducer (Type-G) 
3.9 3.9 
25 130 0.71 30.2  35.2  4.1 3.6 2.5   
35 118  0.68 25.5  32.3  3.9 3.3 2.4   
45 105 0.64 23.6  29.9  3.7 3.1 2.3   
55 100 0.55 18.7  23.6  3.4 2.8 2.1   
65 85 0.50 13.7  22.3  3.2 2.5 2.1   
75 70 0.46 10.6  19.6  2.9 2.3 1.9   
85 50 0.42 7.1  13.9  2.6 1.8 1.5   
 79 
 
Table 4.1: Details of HVFA from the literature review. 
 
(Duran-
Herrera et 
al., 2011) 
0 425 0.50 35.1 38.8 43.5      Polycarboxylate- 
based 
superplasticiser 
15 361 27.6 29.3 36.8      
30 298 24.1 26.2 32.5      
45 234 18.6 19.2 23.8      
60 170 10.1 11.9 16.8      
75 106 4.1 5.4 7.0      
0 405 0.55 30.4 30.9 37.0      
15 344 27.9 29.8 32.4      
30 284 20.7 22.8 25.4      
45 223 12.9 18.0 19.6      
60 162 7.8 9.5 13.1      
75 101 3.4 4.3 6.0      
0 370 0.60 26.3 31.9 32.1      
15 315 19.8 24.9 27.5      
30 259 16.7 18.5 21.3      
45 204 9.1 10.7 13.4      
60 148 6.7 7.9 9.8      
75 93 2.6 3.8 5.0      
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4.8 Time-dependent Properties 
 
Creep and shrinkage are time-dependent properties of concrete. Creep and shrinkage of a 
structure usually occur at the same time, because they are both governed by the deformation 
of hydrated cement paste in concrete (CIVL 111 Construction Materials). Creep and 
shrinkage have significant impacts on the serviceability of concrete structures, causing 
deflection. Many factors affect creep and shrinkage of concrete, including the compressive 
strength of concrete, w/c ratio, type of cement, time, stress intensity, temperature and 
humidity, day of loading, aggregate-cement ratio, climate condition, shape of model 
specimen, etc. Factors affecting shrinkage also have an effect on creep. These factors were 
included in developing the various models to predict creep and shrinkage. Eight types of 
models or standards reviewed are AS3600, ACI-209, B3 (Bazant and Baweja, 2001), GL 
2000, CEB-FIP, Muller (Muller et al., 1999), Eurocode 2 and BS 8110 on the required 
parameters, as shown in Table 4.2.  
 
Table 4.2: Parameters required by various models and standards (AS 3600, 2009; ACI 
209.2R-08, 2008; ACI 209R-92, 1997; Bazant and Baweja, 2001; Goel et al., 2007; Lam, 
2002; Al-Manaseer and Lam, 2005; Gardner and Lockman, 2001; Gardner and Zhao, 
1993; Gardner, 2004; Al-Saleh, 2014; CEB-FIP Model Code 1990, 1993; Muller et al., 
1999; Eurocode 2-Part 1, 2004; Eurocode 2-Part 2, 2005; BS 8110-Part 2, 1985). 
 
Parameter AS3600 ACI B3 GL2000 CEB-FIP Muller Eurocode 2 
Compressive  
strength 
       
Relative 
humidity 
×       
Curing type 
×   × × × × 
Cement type 
×       
Cement content 
×   × × × × 
Water content 
× ×  × × × × 
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Table 4.2: Parameters required by various models and standards (AS 3600, 2009; ACI 
209.2R-08, 2008; ACI 209R-92, 1997; Bazant and Baweja, 2001; Goel et al., 2007; 
Lam, 2002; Al-Manaseer and Lam, 2005; Gardner and Lockman, 2001; Gardner and 
Zhao, 1993; Gardner, 2004; Al-Saleh, 2014; CEB-FIP Model Code 1990, 1993; Muller 
et al., 1999; Eurocode 2-Part 1, 2004; Eurocode 2-Part 2, 2005; BS 8110-Part 2, 1985). 
 
w/c ratio 
×     × × 
a/c ratio 
× ×  × × × × 
Volume-to- 
surface area 
ratio 
×    × × × 
Shape of 
specimen 
× ×  × × × × 
Cross-sectional 
area 
 × × ×    
Perimeter of 
section in 
contact with 
atmosphere 
 × × ×    
Age of 
concrete at 
loading 
×       
Age of 
concrete at 
curing 
×      × 
Concrete 
density 
 
×  × × × × × 
 BS 8110 only considers ambient relative humidity 
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4.8.1  Creep 
 
Creep in concrete is the time-dependent deformation in hardened concrete under a constant 
load. Water movement under stress is the main mechanism leading to creep of concrete 
(CIVL 111 Construction Materials). Creep may also occur due to the time-dependent 
formation and propagation of micro-cracks, as well as microstructural adjustment under high 
stresses, where stress concentration exists (CIVL 111 Construction Materials). Creep 
develops rapidly at the beginning and gradually decreases with time (CIVL 111 Construction 
Materials). Creep is drastically affected by the stress level. For concrete stress less than 50% 
of its strength, creep is linear with stress, while for stress more than 50% of the strength, the 
creep is a non-linear function of stress, and linear viscoelastic models are no longer 
applicable (CIVL 111 Construction Materials). For stress levels higher than 75 to 80% of 
strength, creep rupture can occur (CIVL 111 Construction Materials).  
 
Makrides-Saravanos (1995) stated that creep is divided into two components, basic creep and 
drying creep. Basic creep occurs under conditions of no moisture movement from the 
surroundings, while drying creep is the additional creep caused by drying (Makrides-
Saravanos, 1995). Fly ash concrete produced lower basic and drying creep strains compared 
to the control mix at room temperature of 21
o
C (Makrides-Saravanos, 1995). The total creep 
strain was lower in the fly ash concrete for sealed and unsealed specimens by around 35% 
and 25% respectively (Makrides-Saravanos, 1995). Acker and Ulm (2001) also demonstrated 
that all creep basically increases with time, as shown in Figure 4.1. Therefore, it is important 
to consider creep effects in design. 
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Figure 4.1: Relationship between time and creep strain (Acker and Ulm, 2001). 
 
 
The creep of concrete is influenced by certain factors and the effect of fly ash on creep 
depends to some extent on how the effect is measured (Thomas, 2007). Factors affecting the 
creep of concrete are the material type, mix design, w/c ratio, aggregate stiffness (i.e. elastic 
modulus), aggregate fraction, hypothetical thickness, type of specimen, surrounding 
environment, age of concrete at loading, compressive strength of concrete and curing 
conditions (Vandewalle, 2000). The creep is high with higher w/c ratios (CIVL 111 
Construction Materials). Aggregate size and grade influence the behaviour of creep because it 
will change the overall aggregate volume and also the aggregate/cement ratio. It will affect 
the bond between the paste and the aggregate. Higher aggregate fraction leads to lower creep 
(CIVL 111 Construction Materials). The stiffer the aggregate, the smaller the creep (CIVL 
111 Construction Materials). Wallah (2010) demonstrated that the creep of OPC concrete is 
predominantly caused by the cement paste. The aggregates are commonly inert components 
of the mixes and are used to resist the creep of the cement paste (Wallah, 2010). Therefore, 
the aggregate content in concrete plays an important role in influencing the creep of concrete, 
as the creep decrease with the increased amount of aggregate (Wallah, 2010), and smaller 
aggregates tend to form stronger bonds.  
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One of the main factors that many models include in the prediction of creep is environmental 
factors such as temperature and relative humidity. The creep increases with higher 
temperature due to the increase in diffusion rate with temperature and the removal of more 
water at a higher temperature (CIVL 111 Construction Materials). There is less exchange of 
moisture between the concrete and the surrounding environment with higher humidity in the 
air and hence reduced creep (CIVL 111 Construction Materials).  
 
The creep strain at a given time after loading is lower if the loading is applied to concrete at a 
later age (Ghosh and Timusk, 1981). If loaded at an early age, the creep value of fly ash 
concrete is higher than that of Portland cement concrete because it has a lower compressive 
strength (Lane and Best, 1982; Yuan and Cook, 1983). However, if concretes are loaded at an 
age when they have achieved the same strength, fly ash concrete will exhibit less creep 
because of its continued strength gain (Lane and Best, 1982; Ghosh and Timusk, 1981). 
Creep can be reduced by fewer capillary pores to retain water (CIVL 111 Construction 
Materials). 
 
The creep of HVFA concrete tends to be lower than that of Portland cement concrete of the 
same strength, and this has been attributed to the presence of unreacted fly ash 
(Sivasundaram et al., 1991). The high aggregate content or very low water and paste contents 
attainable in HVFA concrete also reduce the creep of concrete with high volumes of fly ash 
(Thomas, 2007). Sivasundaram et al. (1991) have reported very low creep strains in concrete 
incorporating a high-volume of fly ash replacement. The highest value of creep strain that 
they reported for concrete with 155 kg/m
3
 cement and 215 kg/m
3
 fly ash was 350x10
-6
. As 
the binder content of the concrete increased to 225 kg/m
3
 cement and 310 kg/m
3
 fly ash, 
higher creep strains of up to 501x10
-6
 were reported. In the study of Carette et al. (1993), the 
creep strains were low and generally 300x10
-6
.  
 
In the study of Wallah and Rangan (2006), the test specimens were heat-cured either in an 
oven or a steam-curing chamber at 60
o
C for 24 hours. The specimens were loaded on the 7th 
day after casting. The sustained load on the specimens was about 40% of the 7-day 
compressive strength. The creep tests were conducted for up to one year. From test results, it 
was concluded that heat-cured fly ash-based geopolymer concrete undergoes low creep 
(Wallah, 2010; Wallah and Rangan, 2006). As in OPC concrete, the specific creep of fly ash-
based geopolymer concrete decreases as the compressive strength increases (Wallah, 2010).  
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4.8.2  Drying Shrinkage 
 
The shortening per unit length related to the reduction in volume due to moisture loss is 
identified as shrinkage (CIVL 111 Construction Materials). Shrinkage of concrete is the 
volume changes of hardened concrete within a period of time. The shrinkage is usually 
measured on a load-free specimen and it is dimensionless. The unit used for shrinkage is 
microstrain (x10
-6
). Drying shrinkage is the strain which occurs when a specimen is exposed 
to the atmosphere and allowed to dry. Autogenous shrinkage is caused by hydration of 
cement. Experiments conducted by Le Roy (1996) demonstrated that autogenous shrinkage 
increases with time and nominal strength (MPa), as shown in Figure 4.2. Higher strength 
concrete structures are expected to have more cracks after a period of time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Experimental autogenous shrinkage over time 
    for various concretes (Le Roy, 1996). 
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Many factors affect the shrinkage of concrete, including the strength of the concrete, type of 
curing conditions, surrounding environment, type of cement, type of aggregate, w/c ratio, 
amount of water, fractional volume of aggregate, mix of concrete, size and shape of member, 
type and duration of loading (Vandewalle, 2000; Thomas, 2007). The behaviour of concrete 
paste also affects the shrinkage of concrete (Mehta, 2004). Shrinkage is sensitive to 
environmental conditions, i.e. relative humidity (Vandewalle, 2000; CIVL 111 Construction 
Materials). There is less evaporation at higher relative humidity and hence reduced shrinkage 
(CIVL 111 Construction Materials). The excessive water that has not reacted with the cement 
begins to move from the interior of the concrete mass to the surface after concrete has been 
cured and begins to dry (CIVL 111 Construction Materials). The concrete volume shrinks as 
the moisture evaporates but swells slightly when it is exposed to 100% relative humidity or 
immersed in water (CIVL 111 Construction Materials). The loss of moisture from the 
concrete varies with distance from the surface (CIVL 111 Construction Materials). 
 
Shrinkage is reduced for the same w/c ratio used with increasing aggregate content in making 
concrete (CIVL 111 Construction Materials). Alternatively, the shrinkage of concrete is 
increased for larger w/c ratios used with the same aggregate/cement ratio. Shrinkage is 
reduced if stiffer aggregate is used (CIVL 111 Construction Materials). Both the rate at which 
shrinkage occurs and the magnitude of the total shrinkage increase as the ratio of surface to 
volume increases (CIVL 111 Construction Materials). This is because the moisture will 
evaporate faster if the surface area is larger (CIVL 111 Construction Materials).  
 
The main parameters affecting drying shrinkage of concrete with dimensionally-stable 
aggregates are the amount of water in the mix, the w/c ratio, and the fractional volume of 
aggregate (Varga, 2013). In well-proportioned and cured fly ash concrete, where a reduction 
in the mixing water content is made to take advantage of the reduced water demand resulting 
from the use of fly ash, the shrinkage value should be equal to or less than that of an 
equivalent Portland cement concrete mix (Varga, 2013). It has been reported that the drying 
shrinkage of HVFA concrete is normally less than conventional concrete, due to the low 
amounts of water used in manufacturing the concrete (Atis, 2003). Bisaillon et al. (1994) 
have also stated that HVFA concrete showed significantly lower drying shrinkage than 
Portland cement concretes. The performance of concrete with 50% fly ash replacement was 
superior to that of the control mix containing 100% Portland cement with respect to shrinkage 
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(Makrides-Saravanos, 1995). The total shrinkage strain of the fly ash concrete was lower than 
the control by approximately 25 to 30% (Makrides-Saravanos, 1995).  
 
Furthermore, a series of geopolymer concrete specimens were cured in ambient conditions of 
the laboratory (Wallah and Rangan, 2006). The drying shrinkage for heat-cured specimens 
was measured for up to one year, while the ambient-cured specimens were observed for up to 
three months. The initial measurement, considered as age ‘zero’, was taken on the third day 
after casting the specimens (Wallah and Rangan, 2006). The heat-cured fly ash-based 
geopolymer concrete underwent very little drying shrinkage in the order of about 100 
microstrains after one year (Wallah and Rangan, 2006). This value is significantly smaller 
than the range of values of 500 to 800 microstrains for Portland cement concrete, as predicted 
by the Gilbert method given in the draft of the Australian Standard for Concrete Structures 
(AS 3600, 2009). The drying shrinkage strain of ambient-cured specimens is in the order of 
1500 microstrains after three months (Wallah and Rangan, 2006). This value is much larger 
than that of heat-cured specimens and the most part of that occurred during the first few 
weeks. 
 
Drying shrinkage of concrete decreases with higher fly ash content and lower w/c ratios 
(Kumar et al., 2007a; Naik et al., 1995b). Kumar et al. (2007a) have demonstrated that the 
mix with 60% of fly ash at 0.30 of w/c ratio showed the least shrinkage. HVFA concrete 
mixes produced with optimum water content showed significantly lower shrinkage values 
when compared to OPC concrete and the highest fly ash replacement ratio resulted in the 
lowest shrinkage strain (Atis, 2003). The addition of high volumes of fly ash in concrete with 
low w/c ratios reduced the shrinkage values by up to 30% when compared to OPC concrete 
(Atis, 2003). The concrete mixes made with superplasticiser showed higher shrinkage values 
of up to 50% when compared with concrete with no superplasticiser (Atis, 2003).  
 
Volume changes due to shrinkage are of considerable importance, because this movement is 
partly or totally restrained in concrete slabs laid on granular sub-bases, which provide high 
friction and can lead to high tensile stresses (Atis, 2003). Differential shrinkage can occur in 
a concrete slab that is used for road construction and cause warping or curling and tensile 
stresses (Neville, 1996). The concrete cracks if there are no joints between the slabs or 
reinforcement in the concrete (Atis, 2003).  
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Ghosh and Timusk (1981) studied the effect of utilising fly ash in concrete on creep and 
shrinkage properties and reported that fly ash reduced the shrinkage of concrete. Moreover, 
Teorenau and Nicolescu (1982) concluded that the shrinkage of fly ash concrete is reduced as 
the fly ash replacement ratio increases. Yuan and Cook (1983) revealed that the shrinkage 
values of fly ash concrete have similar magnitudes to those of conventional cement concrete. 
On the other hand, Munday et al. (1982) reported that the use of fly ash reduces shrinkage in 
some concretes, but Erdogan (1997) reported that the utilisation of fly ash in concrete 
generally increases shrinkage. 
 
The greatest problem associated with the use of pure Portland cement concrete is cracking 
attributable to drying shrinkage (Mehta, 2004). The drying shrinkage of concrete is 
completely affected by the amount and quality of the cement paste (Mehta, 2004). It increases 
with an increase in the cement paste-to-aggregate ratio in the concrete mix, and the water 
content of the paste (Mehta, 2004). Due to the significant reduction in the water requirement, 
the total volume of the cement paste in the HVFA concrete is only 25%, compared to 29.6% 
for the conventional Portland cement concrete, which denotes a 30% reduction in the cement 
paste-to-aggregate ratio (Mehta, 2004). Undoubtedly, the water-reducing property of fly ash 
can be beneficially used to reduce the drying shrinkage of concrete (Mehta, 2004).  
 
 
4.9 Gaps in Research 
 
The review of published studies has revealed that there is a gap in research in the 
development of concrete mixes with high volumes of fly ash of over 60% with 28-day 
compressive strengths comparable to those of OPC concrete. Replacement of cement by fly 
ash by more than 60% always results in a significant reduction in the compressive strength of 
concrete. HVFA concrete always has low early strengths. The low compressive strength and 
low strength development are issues to be resolved for HVFA concrete. Two methods of 
improving the strength properties have been identified. An experimental study conducted by 
Solikin (2012) demonstrated that the reduction of the particle size of fly ash and the addition 
of limewater can assist in developing HVFA concrete mixes with the potential to offer similar 
compressive strengths to those of OPC. However, further work is needed to ascertain the 
longer-term properties of HVFA concrete, such as creep and shrinkage as there is no reported 
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work to date on this. The present research program plans to further explore the mechanisms 
of strength development of HVFA concrete when the particle size of fly ash is less than 10 
microns and limewater of different concentrations is used to enhance strength development. 
The aim of the present research is to develop a HVFA concrete with more than 60% 
replacement of cement by fly ash.  
 
 
4.10  Summary  
 
A review of previous work on HVFA concrete led to the following observations: 
 
 
Mix proportions in HVFA concrete 
 
 Use more than 50% of fly ash to replace Portland cement content  
 Lower w/c ratio 
 Superplasticiser is an essential addition 
 Adding more alkali (limewater) improves strength 
 Reducing particle size improves strength 
 No major changes are needed to the production process of HVFA concrete since field 
implementation is easier than that of geopolymer concrete 
 Up to 50% replacement has been shown to work 
 
 
Short-term mechanical properties 
 
 HVFA concrete always has low early strengths and low strength development. 
 The strength properties of HVFA concrete are strongly dependent on the materials 
and proportions used. 
 Greater than 50% replacement of cement by fly ash always results in significant 
reduction in the compressive strength of concrete. 
 When the proportion of fly ash increases to 85%, 28-day compressive strength is 
reduced by more than 60%. 
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 The larger the total cementitious content and the lower the water/cementitious ratio, 
the better the compressive strength properties. 
 Use of superplasticiser has been shown to improve the properties, increasing the 7-
day strength to as high as 60 MPa with 40% replacement of cement by fly ash. 
 Previous research at RMIT University has demonstrated that the use of UFFA and 
limewater can improve strength development as well as the mechanical and material 
properties of HVFA concrete. 
 
 
Long-term properties 
 
 Factors affecting the creep and shrinkage properties of concrete include the 
compressive strength of concrete, w/c ratio, type of cement, time, stress intensity, 
temperature and humidity, day of loading, aggregate-cement ratio, climate conditions, 
and shape of test specimen. 
 HVFA concrete demonstrates low drying shrinkage.  
 Drying shrinkage of concrete decreases with higher fly ash content and lower w/c 
ratio. 
 The water-reducing property of fly ash can be beneficially used to reduce the drying 
shrinkage of concrete.  
 No reported work to date has addressed the long-term properties of HVFA concrete, 
such as creep and drying shrinkage. 
 
 
Durability 
 
 Utilising a lower w/c ratio improves concrete durability. 
 Addition of lime to fly ash concrete improves durability. 
 The use of fly ash can improve workability, flowability, pumpability, compactability, 
and reduce heat of hydration and other types of deterioration.  
 HVFA concrete has high durability to reinforcement corrosion, alkali-silica 
expansion, sulfate attack, superior dimensional stability and resistance to chloride-ion 
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penetration, resistance to freezing and thawing cycles, de-icing salt-scaling resistance, 
etc. 
 A previous experimental study conducted at RMIT University has demonstrated that 
reducing the particle size of fly ash and the addition of limewater can enhance the 
durability of HVFA concrete. 
 
 
Producing HVFA with over 60% fly ash replacement 
 
Three main approaches were identified from the literature review. 
 Addition of additional Ca(OH)2 to enhance the pozzolanic reaction.  
 Reduce the particle size of fly ash to improve its reactivity. 
 Increase the temperature of mixing water to increase the rate of reaction. 
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CHAPTER 5  
 
 
RESEARCH METHODOLOGY 
 
 
5.1 Introduction 
 
 
The research project reported here was a laboratory-based study in which specimens of 
HVFA concrete were produced using a number of trial mixes. The short-term and time- 
dependent properties of HVFA concrete were evaluated and compared with those of OPC 
concrete. The objective of this research is to develop a HVFA concrete production process 
that does not compromise the cost of the manufacturing process or the rate of strength 
development. The experimental results were analysed and compared with other published 
work and predictive models. The mechanism of strength gain of HVFA concrete with UFFA 
and limewater was studied. Concrete microstructural studies were conducted to understand 
the observed behaviour. Final optimised mix designs were developed for industry trials. 
 
Some strategies examined to increase the percentage replacement of fly ash without 
compromising the compressive strength were reducing fly ash particle size, using limewater 
as mixing water and examining the effect of the temperature of mixing water to enhance the 
reactivity of fly ash. This chapter discusses the mechanism of pozzolanic reaction in concrete 
and the methods of improving the reaction in HVFA concrete. The research questions 
designed to answer the research questions are also presented. 
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5.2  Mechanism of Pozzolanic Reaction in Concrete 
 
Pozzolanic material is “a siliceous and aluminous material, which in itself possesses little or 
no cementitious properties but which, in finely divided form and in the presence of moisture, 
chemically reacts with calcium hydroxide at ambient temperatures to form compounds 
possessing cementing properties”, according to ACI 116R (Malhotra and Mehta, 1996). Low-
calcium Class F fly ash and silica fume are the mostly commonly used pozzolanic materials 
(Adam, 2009). Careful utilisation of these pozzolanic materials can improve the properties of 
fresh and hardened concrete. The replacement of OPC with supplementary cementitious 
material such as fly ash in concrete, affects the strength development of the concrete. When 
pozzolanic materials are mixed with lime and water, they react to form a strong cementitious 
product, essentially slow-hardening cement (Niemuth, 2012).  
 
Fly ash goes through certain procedures to become a supplementary cementitious material as 
a cement replacement in manufacturing concrete. The addition of high silica (SiO2) content  
fly ash in concrete causes a pozzolanic reaction that improves the cement paste properties, as 
it binds with Ca(OH)2 to produce calcium-silicate-hydrate (C-S-H) gel to increase the 
concrete strength (Solikin, 2012). The process starts with the hydration of cement, a chemical 
reaction between water and cement to produce cement paste, in which the cement paste 
contains about 70% of C-S-H, 20% of Ca(OH)2, 7% sulpho-aluminate and 3% of secondary 
phases (Oner et al., 2005; Solikin, 2012). The C-S-H in cement paste contributes to the 
strength of concrete, while the Ca(OH)2 in hydrated cement paste reduces the concrete quality, 
as the Ca(OH)2 is water-soluble and has low strength. The equations below show the cement 
hydration reaction and the pozzolanic reaction of fly ash in concrete (Oner et al., 2005; 
Makrides-Saravanos, 1995): 
 
 
Cement hydration: 
Cement (C3S ; C2S)  +  H2O    C-S-H gel  +  Ca(OH)2 
 
Fly ash pozzolanic reaction: 
SiO2   +  Ca(OH)2   +  H2O     C-S-H gel 
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The chemical reactions above demonstrate that fly ash reacts with the Ca(OH)2 produced as a 
by-product of the hydration of cement. When added as a supplementary material, the fly ash 
reacts with the Ca(OH)2 to produce additional C-S-H which contributes to the strength gain 
(Feldman et al., 1990; Li et al., 2000). Ca(OH)2 content has been utilised to track the fly ash 
and cement reaction, but is hard to track the pozzolanic reaction quantitatively, as other 
factors influence the Ca(OH)2 content, such as the w/c ratio, pozzolan/cement ratio and 
temperature (Uchikawa, 1986; Tenoutasse et al., 1986; Pacewska et al., 2006; Williams, 
1965; Yamamoto et al., 2006; Slanicka et al., 1985; Jones et al., 2006; Antiohos et al., 2005; 
Sakai et al., 2005; Lea and Hewlett, 1998; Bensted and Barnes, 2002).  
 
The different types and particles of fly ash used affect each reaction in fly ash concrete 
(Makrides-Saravanos, 1995; Glasser et al., 1987; Diamond, 1987). As a result of the 
pozzolanic reaction, fly ash decreases the Ca(OH)2 content when compared with OPC and fly 
ash mixes with OPC-only mixes (Jun-yuan et al., 1984; Lea and Hewlett, 1998; Makrides-
Saravanos, 1995). With greater total cementitious content and lower w/c ratio, better 
compressive strength properties have been observed. For example, Barker (1981) has found 
that the contributions to strength attributed to pozzolanic reactions separate from the water 
reduction have been observed at 7 days. While the fly ash was added to the amount of cement 
instead of replacement, Papadakis (1999) found that reductions in the Ca(OH)2 content did 
not occur until after 10 days compared with OPC. Abdul-Maula and Odler (1981) revealed 
the reduction in Ca(OH)2 within the first day. Some other researchers have also reported that 
fly ash reactions occurred within 7 days (Zhang and Canmet, 1995; Feldman et al., 1990). 
 
 
5.3  Methods of Improving Reaction 
 
The use of fly ash as a binder in concrete has advantages in supporting a sustainable and 
green environment whilst improving some properties of concrete. It has been identified that 
the use of fly ash in concrete can increase workability, reduce bleeding and retard the time of 
set for fresh concrete. In hardened concrete the fly ash continues its pozzolanic activity to 
achieve higher strength at later ages (Nawy, 1996). Potential methods to enhance reactivity of 
fly ash have been studied to improve the performance of HVFA concrete.  
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Based on the literature review, the factors considered in improving the properties of HVFA 
concrete are the utilisation of UFFA as cement replacement, the use of limewater to increase 
alkali content in HVFA concrete and the increase of the temperature of the mixing water to 
enhance the reaction. The use of UFFA increases the reactivity of fly ash, considering that the 
particle size is a major factor in fly ash reactivity.  
 
The pozzolanic properties of good quality fly ash are primarily determined by the mineralogy, 
low carbon content, high glass content and 75% or more of the particles being finer than 45 
µm (Malhotra and Mehta, 2002). Good quality fly ash has superplasticising effects when used 
in high volumes. Previous experimental studies have revealed that HVFA concrete mixes 
could reduce water requirements by up to 20% with appropriate amounts of cement replaced 
and the utilisation of good quality fly ash (Owen, 1979; Jiang and Malhotra, 2000). High-
strength concrete with high superplasticising effects of fly ash can be obtained by using low 
water content, significantly reducing the w/c ratio, increasing the reactivity of the fly ash, 
using chemical superplasticiser, applying smaller sizes of aggregate and careful aggregate 
grading (Mehta, 2004). These methods can significantly solve the low early strength concern 
of fly ash concrete, as it has lower early strength than OPC concrete (Nawy, 1996; Atis, 2003; 
Solikin, 2012).  
 
Since fly ash is a pozzolanic material, its engineering behaviour can be improved by the 
addition of cement or lime (Kumar et al., 2007b). It has been noted that the strength of fly ash 
concrete increases with higher lime content and longer curing periods (Sivapullaiah and 
Moghal, 2011). Because fly ash concrete needs longer to complete its reaction, the curing of 
the concrete becomes very important to maintain the pozzolanic reactivity of fly ash. The 
strength of fly ash concrete will be similar to the strength OPC concrete after a longer period 
of curing.  
 
In addition, temperature affects the rate of reaction. Higher temperatures result in faster rates 
of chemical reaction (Alten, 1999; Baliga et al., 2010; Solikin, 2012). Elsageer et al. (2009) 
studied the effect of curing temperature on the strength development of HVFA concrete. The 
study found that by using 45% of fly ash as cement replacement and curing at elevated 
temperature of 50
o
C, the fly ash concrete strength development is higher than that of OPC 
concrete and of concrete with lower fly ash content. 
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Alternatively, the use of a common chemical admixture accelerator, triethanolamine (TEA), 
has been shown to increase the reaction rates of fly ash (Lee et al., 2003). This is attributed to 
the increase of the dissolution rate of Ca+, Al+, and Fe+ ions (Heinz et al., 2010). An 
activator admixture can be used to accelerate the hydration of HVFA concrete (Jiang et al., 
1999). The fly ash in HVFA systems cannot be fully hydrated. It has been observed that fly 
ash remains unreacted in HVFA concrete binders after 90 days (Jiang et al., 1999).  
 
A combination of reduced particle size and the addition of lime was explored at RMIT 
University, Australia to develop a better performing HVFA concrete (Solikin et al., 2011; 
Solikin, 2012). This study will continue to further the research by using UFFA and limewater 
as mixing water to increase the reactivity of fly ash and enhance the performance and 
strength of concrete with over 60% of cement replaced by fly ash.  
 
 
5.3.1 Reduced Particle Size 
 
Reduction of the particle size of fly ash by grinding could enhance the reactivity of fly ash to 
improve the strength performance of HVFA concrete (Obla et al., 2003). It has been noted 
that both Portland cement and fly ash have particles that are mostly in the 10 to 45 µm size 
range and act as excellent fillers for the void space within the aggregate mix. Previous 
research found that fly ash particles in the range of 10 to 150 µm predominantly act as void 
fillers in concrete, while particles smaller than 10 microns are more reasonably classified as 
pozzolanic-reactive (Xu, 1997). Mehta (2004) has also demonstrated that fly ash is a more 
efficient void filler than Portland cement, due to its lower density and higher volume per unit 
mass.  
 
Raw fly ash can be ground using a microniser to become ultra-fine fly ash (UFFA). The 
surface areas of raw fly ash and UFFA were found by using Blaine test apparatus (Solikin et 
al., 2011). After grinding, the surface area of raw fly ash of 364 m
2
/kg was increased to 
UFFA of 525 m
2
/kg based on cement fineness (Solikin et al., 2011). The fineness of the fly 
ash was increased by 40% after the grinding process (Solikin et al., 2011). Scanning electron 
microscopy (SEM) analysis showed that the particle size of UFFA is smaller than that of  raw 
fly ash (Solikin et al., 2011; Solikin, 2012). The rheology of fly ash is improved by grinding 
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(Grzeszczyk and Lipowski, 1997; Dhir et al., 1988). Some researchers have reported that the 
use of UFFA significantly increases the compressive strength of HVFA concrete, compared 
with the use of raw fly ash (Chindaprasirt et al., 2007; Kiattikomol et al., 2001). Grinding of 
fly ash increases the early reactivity as well as the density (Dhir et al., 1988; Payá et al., 1995; 
Osbaeck, 1981). The increase in reactivity is attributed to the increased surface area, while 
the increase in density is attributed to the hollow spheres being crushed in the grinding 
process (Osbaeck, 1981). 
 
Conversely, grinding decreases workability due to the reduction of the spherical nature of the 
particles by crushing (Payá et al., 1996). There were changes in workability where the slump 
increased and flow decreased but an increase in the fineness of the fly ash (Montgomery, 
1981). In one study of low-calcium fly ash, the particle size distribution had little effect on 
the compressive strength of pastes made with cement, fly ash and water. Grzeszczyk and 
Lipowski (1997) stated that the rheological properties were driven more by the content of fine 
fly ash particles versus the overall fineness of the fly ash. The UFFA used in this research 
was produced by grinding the raw fly ash using a microniser, a jet mill machine which 
deploys a particle-to-particle impact mechanism (Solikin, 2012).  
 
 
5.3.2 Addition of More Ca(OH)2 to Increase the Rate of Pozzolanic Reaction 
 
The addition of lime (Ca(OH)2) to fly ash concrete improves the properties as well as the 
durability of concrete, as reported by some researchers. Barbhuiya et al. (2009) utilised 5% 
hydrated lime as fly ash replacement in HVFA concrete and the results showed substantial 
improvement in the compressive strength development when compared to HVFA concrete 
without hydrated lime. Mira et al. (2002) also investigated the effect of the addition of lime to 
fly ash concrete since silica in fly ash needs Ca(OH)2 to produce C-S-H gel. The lime putty 
addition of 25% of cementitious material did not show a significant difference in the 
compressive strength development of fly ash concrete compared to that of the fly ash 
concrete without lime. However, the concrete stability and concrete durability were 
drastically improved (Solikin, 2012; Solikin et al., 2011).  
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Previous research by Solikin (2012) and Solikin et al. (2011) has shown that the use of 
limewater improves the concrete compressive strength in comparison to the use of hydrated 
lime in HVFA concrete, as the liquid gives a better reaction to the silica in fly ash. Limewater 
was used as mixing water to provide more Ca(OH)2 for the pozzolanic reaction of fly ash. 
The use of limewater as mixing water increased the reactivity of fly ash by increasing the 
alkali content in high-volume ultra-fine fly ash (HVUFFA) (Solikin, 2012; Solikin et al., 
2011). The use of limewater increased the compressive strength of HVUFFA concrete to a 
level similar to that of normal cement concrete starting at the age of 28 days and beyond 
(Solikin, 2012; Solikin et al., 2011).  
 
It has also been reported that up to 50% fly ash can be used to achieve similar mechanical 
properties to those of OPC using saturated limewater as mixing water in manufacturing 
HVFA concrete (Solikin, 2012; Solikin et al., 2011). The density of saturated limewater is 
0.08% higher than the tap water since some hydrated lime particles are dissolved in it 
(Solikin et al., 2011). The alkalinity of saturated limewater is higher than that of tap water. 
The increase of alkalinity in limewater resulting from hydrated lime, Ca(OH)2, was expected 
to be useful in activating fly ash further as fly ash reacts with Ca(OH)2 in concrete to form the 
binder. 
 
The combined use of HVUFFA and limewater as an activator can produce high-strength 
concrete with high performance properties as it increases compressive strength development 
and enhances the durability of concrete (Solikin et al., 2011). The use of UFFA and 
limewater respectively are two main parameters in concrete mix proportioning to increase the 
strength properties of HVFA concrete. The early results of the preliminary experiments at 
RMIT University showed good results of using UFFA and limewater in concrete mixes, as 
demonstrated in Table 5.1 below (Solikin et al., 2011). 
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Table 5.1: Early results at RMIT University (Solikin et al., 2011). 
 
Mix proportion Cement 
(kg/m
3
) 
Fly ash 
(kg/m
3
) 
Water 
(kg/m
3
) 
Aggregate HRWR 
(litre/m
3
) 
Compre-
ssive 
strength 
(MPa) at 
28 days 
Fine 
(kg/m
3
) 
Coarse 
(kg/m
3
) 
UFFA with tap 
water  
225.0 225.0 141.0 835.0 994.0 7.0 70.9 
Raw fly ash 
with limewater 
225.0 225.0 139.0 811.0 994.0 10.2 66.7 
UFFA with 
limewater  
225.0 225.0 141.0 835.0 994.0 7.0 78.7 
OPC 
450.0 - 137.0 912.0 994.0 13.9 79.4 
 
 
 
5.4  Research Questions 
 
To achieve the objective of developing a HVFA concrete with over 60% replacement of 
cement by fly ash with high compressive strength, the following research questions were 
developed. Based on the comprehensive literature review, a methodology to achieve the 
objective was also developed. 
 
1) How can a concrete mix be developed with over 60% fly ash replacement of cement 
to have similar short-term mechanical properties to those of ordinary Portland cement 
(OPC) with similar total binder content? 
 
2) What is the effect of fly ash particle size on the strength of high-volume fly ash 
(HVFA) concrete? 
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3) What is the effect of concentration of limewater on the properties of HVFA concrete? 
 
4) What is the typical long-term behaviour of HVFA concrete? Is it possible to predict 
the creep and shrinkage of HVFA concrete using predictive models applicable to 
OPC? 
 
5) What are the relationships between the mechanical properties and the compressive 
strength of HVFA concrete? 
 
6) What is the mechanism which develops strength in HVFA concrete with limewater? 
 
 
5.5  Methodology to Answer Research Questions 
 
This research project utilises three types of research techniques: literature review, 
experimental study and comparison of mechanical properties of HVFA concrete with other 
results and predictive models to understand the behaviour of HVFA concrete. A literature 
review is the most efficient way to understand the research background and the extent of 
knowledge that has been achieved. A preliminary review is very important since it provides 
insights into the gaps in knowledge on the short-term and long-term properties of HVFA 
concrete.  
 
The research project included a comprehensive laboratory-based study in which specimens of 
HVFA concrete were cast and tested. The types of materials and design methods to be used in 
the project were decided before starting the laboratory work. Before casting the actual 
concrete test specimens, some preliminary trials on the laboratory work and equipment were 
carried out by reproducing HVFA concrete from a previous research study, in order to 
become familiar with the laboratory processes of the experiments and the functioning of the 
equipment (research questions 1 and 2). UFFA was used in high volumes in the research 
project. The raw fly ash was ground using a microniser to become UFFA. The particle sizes 
of raw fly ash and ground fly ash were then analysed using particle size distribution analysis 
and SEM. The laboratory experimental program has been divided into three stages as follows: 
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A) Stage 1 - Optimising the mix design of HVFA mixes 
For Stage 1, 17 different mixes were generated in order to distinguish better mix designs. 
Each mix produced 15 cylinders 100 × 200 mm, 6 rectangular beams 100 × 100 × 350 mm 
and 3 prisms 75 × 75 × 280 mm. Slump testing was conducted to determine the consistency 
of the concrete. Tests on the short-term properties of the concrete, such as compressive 
strength, flexural strength, modulus of elasticity and drying shrinkage tests, were conducted 
to determine the typical properties of the concrete specimens (research questions 1, 2 and 3). 
Modifications were applied to the basic concrete mix designs if necessary during the mixing 
stage. Optimum mix proportions for HVFA concrete were developed (research question 1). 
Chemical analysis and microstructural studies using SEM were conducted to understand the 
reasons for the observed behaviour. At the conclusion of this stage, influential parameters 
affecting HVFA concrete were identified. 
 
B) Stage 2 - Examine short-term properties of the optimised mix 
Stage 2 repeated the selected optimised mix designs from Stage 1. Short-term properties of 
concrete such as compressive strength, flexural strength, indirect tensile strength, modulus of 
elasticity and drying shrinkage, were tested to understand the short-term behaviour of HVFA 
concrete. The strength development mechanism of HVFA concrete with limewater and UFFA 
was studied (research question 6). Standard theoretical and empirical relationships currently 
established to predict mechanical properties of concrete as a function of compressive strength 
were examined to determine the implications for HVFA concrete (research question 5). All 
the experimental data were collected and analysed. The results for short-term properties were 
analysed and compared with typical results for OPC concrete to understand the major 
influencing variables for mechanical properties.  
 
C) Stage 3 - Long-term properties of HVFA concrete 
The final experimental program examined the long-term properties of HVFA concrete. The 
best performing highest volume fly ash mix was loaded into the creep rigs. The standard 
creep and shrinkage tests were conducted for over one year (research question 4). The 
established expressions for creep and shrinkage were compared with the experimental results 
(research question 4). The observed results were then analysed and discussed. 
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5.6  Summary 
 
This chapter has presented the research methodology which comprises of three stages. 
Reduction of the fly ash particle size, increasing the temperature of the mixing water and the 
use of limewater as an activator were considered as potential methods of improving the 
properties of HVFA concrete.  
 
In the first stage, a series of trial mixes were used to identify the optimum mix design for 
over 60% replacement of cement by fly ash. At this stage, the mechanical properties of 
HVFA concrete were measured. A microstructural analysis was also undertaken to 
understand the strength development of HVFA concrete. 
 
In Stage 2, the optimised mix design was examined for repeatability and short-term properties 
were examined. 
 
In Stage 3, the long-term properties such as creep and shrinkage were examined in detail. The 
observed creep and shrinkage were compared with the results of published models to predict 
creep and shrinkage of OPC. 
 
Chapter 6 presents the materials, experimental procedures and testing methods for HVFA 
concrete manufactured using high-volume raw fly ash or UFFA with different concentrations 
of limewater as mixing water. 
 
 
 
 103 
 
CHAPTER 6 
 
 
EXPERIMENTAL PROGRAM, MATERIALS, 
EQUIPMENT AND PROCEDURES 
 
 
6.1  Introduction 
 
Based on the outcome of the literature review, measures to achieve the required strengths in 
HVFA concretes with over 60% replacement of cement were identified as follows: 
 
 Changing the concentration of limewater 
 Reducing the particle size of the fly ash 
 Examining the effect of temperature of mixing water 
 
This chapter presents the details of the materials used, the experimental program, mix design, 
method of manufacturing and the equipment used.  
 
 
6.2  Materials 
 
HVFA concrete consists of Portland cement and fly ash as binder, water or limewater, coarse 
and fine aggregates and superplasticiser. The materials used to manufacture high-strength 
concrete, especially with high volumes of fly ash, need to be carefully selected.  
 
In this research, ordinary Type I Portland cement was used as cement and the specific gravity 
of the Portland cement was 3.0. Figure 6.1 shows the package of cement used. Fly ash from 
the Tarong power plant was selected for the work and will be discussed in more detail later. 
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Coarse aggregate of 10 mm with specific gravity of 2.75 and fine aggregate (river sand) with 
specific gravity of 2.65 were used. Admixtures can be added to concrete mixes to improve 
the concrete properties, e.g. to increase workability, to retard time set, to achieve higher 
compressive strength and to increase its durability (Ramachandran, 1995). High-range water 
reducer (HRWR) or superplasticiser of an aqueous solution of sodium naphthalene 
formaldehyde sulphonate (Sikament NN) with a specific gravity of 1.2 supplied by Sika 
Australia Pty. Ltd., Victoria, Australia, was the admixture used in making concrete in this 
study, and a canister is shown in Figure 6.2. 
 
 
 
Figure 6.1: Portland cement 
 
 
Figure 6.2: Superplasticiser of aqueous solution of sodium naphthalene formaldehyde 
sulphonate (Sikament NN). 
 
Fine aggregate has a grading size of between 150 µm to 4.75 mm, while coarse aggregate has 
a grading of size of up to 63 mm (ASTM C33-03, 2003). The coarse aggregate used in this 
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research had a maximum size of 10 mm, whereas the fine aggregate had a maximum size of 
4.75 mm. This is due to the results of previous research, which demonstrated that the use of 
small coarse aggregate increased the concrete strength when compared to the larger 
aggregate, as smaller aggregate is stronger than larger aggregate (Solikin, 2012; Ting and 
Patnaikuni, 1992). In addition, the interfacial zone between larger aggregate and paste is 
weaker than that of smaller aggregate and paste (Aïtcin, 1988; Aïtcin, 2004). While the 
cement matrix becomes a granular skeleton of the aggregate, the lower the distance between 
two adjacent coarse aggregate particles, the higher the matrix strength (Larrard and Belloc, 
1997; Solikin, 2012). 
 
 
6.2.1  Fly Ash 
 
Tarong Class F fly ash or low-calcium fly ash obtained from Cement Australia Pty. Ltd., 
Australia, was used as supplementary cementitious material (SCM) to replace cement content 
in the concrete mix. Figure 6.3 shows a package of fly ash. The chemical composition of the 
fly ash as given by Cement Australia Pty. Ltd. is presented in Table 6.1. The specific gravity 
of the fly ash was 2.1. The Tarong fly ash is classified as low-calcium fly ash or ASTM class 
F fly ash, as the sum of SiO3 + Al2O3 + Fe2O3 is more than 70%. Its chemical composition is 
shown in Table 6.2, compared with the chemical composition of Tarong fly ash given by 
Cement Australia Pty. Ltd. and the results of our own analysis.  
 
 
        
Figure 6.3: Tarong fly ash 
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Table 6.1: Chemical composition (mass%) of Supplementary Cementitious Materials (SCM) Bagged Tarong fly ash provided by 
Cement Australia Pty. Ltd. 
 
Description 45 µm res LOI Al2O3 CaO Fe2O3 K2O MgO NaEq Na2O P2O5 SO3 SiO2 TiO2 
  % % % % % % % % % % % % % 
 
  
       
        
 SCM Bag a  12 0.9 22.8 0.1 0.8 0.58 0.2 0.39 0.01 0.1 0.1 72.9 1.4 
SCM Bag b 14 0.7 22.3 0.1 0.9 0.65 0.2 0.44 0.01 0.1 0.1 73.5 1.4 
SCM Bag c 11 0.8 23.1 0.1 0.8 0.52 0.2 0.35 0.01 0.1 0.1 73.2 1.4 
SCM Bag d 12 0.9 22.9 0.1 0.8 0.56 0.2 0.39 0.02 0.1 0.1 72.9 1.4 
SCM Bag e 13 0.8 23.0 0.1 0.7 0.51 0.2 0.35 0.01 0.1 0.1 73.0 1.4 
SCM Bag f 14 0.7 22.4 0.1 0.9 0.65 0.2 0.45 0.02 0.1 0.1 73.6 1.4 
SCM Bag g 13 0.9 22.8 0.1 0.8 0.58 0.2 0.39 0.01 0.1 0.1 72.9 1.4 
SCM Bag h 11 0.9 23.0 0.1 0.8 0.57 0.2 0.39 0.01 0.1 0.1 72.9 1.4 
SCM Bag i 13 0.9 22.7 0.1 0.9 0.59 0.2 0.40 0.01 0.1 0.1 73.2 1.4 
SCM Bag j 12 0.8 22.9 0.1 0.8 0.53 0.2 0.35 0.00 0.1 0.1 72.9 1.4 
SCM Bag k 13 0.9 22.8 0.1 0.8 0.58 0.2 0.39 0.01 0.1 0.1 73.0 1.4 
SCM Bag l 12 0.9 22.8 0.1 0.8 0.59 0.2 0.40 0.01 0.1 0.1 73.1 1.4 
Average 13 0.8 22.8 0.1 0.8 0.58 0.2 0.39 0.01 0.1 0.1 73.1 1.4 
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Table 6.2: Comparison of chemical composition of fly ash. 
 
Tarong fly ash Cement Australia 
- Average (%) 
RMIT 
analysis (%) 
ASTM Class F 
(ASTM C618-03, 2003) 
45µm res 13  The sum of SiO3 + Al2O3 
+ Fe2O3 more than 70% 
LOI (Loss On Ignition) 0.8  Maximum 6% 
Al2O3 22.8 20.4  
CaO 0.1 0.1  
Fe2O3 0.8 1.4  
K2O 0.58 0.87  
MgO 0.2 0.4  
NaEq 0.39   
Na2O 0.01   
P2O5 0.1   
SO3 0.1 0.1 Maximum 5% 
SiO2 73.1 73.9  
TiO2 1.4 2.1  
 
 
Two types of fly ash, raw fly ash and ultra-fine fly ash (UFFA) were used for a comparison 
of two different particle sizes of fly ash. Raw fly ash was ground in a microniser to produce 
UFFA and used as binder in concrete as cement replacement. The microniser is a jet mill 
machine called a Microniser OM2. The microniser uses compressed air or gas to cause high 
speed rotation of the particles in a grinding chamber which produces a particle-on-particle 
impact mechanism. A schematic view is shown in Figure 6.4 (Sturtevant, 2000; Solikin, 
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2012). The microniser has a grinding chamber 2 inches in diameter. The grinding process 
uses a screw feeder to maintain a constant feed into the grinding chamber. The microniser has 
the potential to produce a fineness of material ranging from 0.5 to 45 microns (Solikin, 2012). 
 
The grinding process commences with sieving fly ash using a 325 micron mesh to prevent 
clumped fly ash being fed into the chamber. The raw fly ash is then fed into the grinding 
chamber using the feeder. The ground fly ash of ultra-fine particle size will then be 
discharged into the dust collection bag from the grinding chamber. Due to the capacity of the 
dust collection bag, the grinding process has to be discontinued every hour after grinding 
about 1,200 grams of fly ash. Figure 6.5 shows the feeder and microniser. 
 
 
 
 
Figure 6.4: Particle-on-particle impact mechanism of microniser 
(http://www.sturtevantinc.com). 
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Figure 6.5: Feeder and microniser. 
 
 
Previous research has tested the fineness of fly ash after grinding using the Blaine air 
permeability test apparatus, which determines the surface area of fly ash (Kett, 2000; Solikin, 
2012). The results demonstrated that the surface area of fly ash increased from raw fly ash of 
364 m
2
/kg to UFFA of 525 m
2
/kg based on cement fineness (Solikin, 2012). It has been 
reported by Solikin (2012) that the fineness of fly ash increased by 40% after grinding using a 
microniser. The increase in surface area shows the increased fineness of the material.  
 
A Philips XL30 scanning electron microscopy (SEM) was used to observe the particle size of 
fly ash. The SEM images of raw fly ash and UFFA are shown in Figure 6.6 and Figure 6.7. 
Both pictures use a scale of 20 µm to show the difference between the particle size of raw fly 
ash and the UFFA from SEM analysis. As the figures shown, the particle shapes of the fly 
ash were generally spherical. SEM analysis showed that the particle size of UFFA is 
approximately 50% smaller than that of raw fly ash.  
 
 
 
 
 
 
Feeder 
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Figure 6.6: SEM image of raw fly ash. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7: SEM image of ultra-fine fly ash. 
 
 
In addition, the particle size distribution for both the raw fly ash and UFFA were tested using 
a Malvern Mastersizer 2000. The samples were dispersed in water and three tests were 
conducted for each sample. An average of three tests was produced and the results of particle 
size distributions of the fly ash are presented in Table 6.3. The results for raw fly ash in 
Table 6.3 show that:  
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10% of the volume of raw fly ash is below 1 µm, 90% is above 1 µm; 
25% of the volume is below 2 µm, 75% is above 2 µm; 
50% of the volume is below 6 µm, 50% is above 6 µm; 
75% of the volume is below 17 µm, 25% is above 17 µm; 
90% of the volume is below 35 µm, 10% is above 35 µm.  
The mean particle size of raw fly ash is 13 µm.  
 
For UFFA, 90% of the volume of fly ash is smaller than 13 µm, while only 10% of the 
volume of fly ash is bigger than 13 µm. The mean particle size of UFFA is 7 µm, which is 
smaller than the mean particle size of raw fly ash. 
 
 
Table 6.3: Results of particle size distributions of raw fly ash and ultra-fine fly ash. 
 
  Mean d10 (µm) d25 (µm) d50 (µm) d75 (µm) d90 (µm) 
Raw fly ash 13 1 2 6 17 35 
Ultra-fine fly ash 7 1 1 4 8 13 
 
 
 
6.2.2  Limewater 
 
This research used a type of alkali liquid, limewater, Ca(OH)2, as mixing water since the high 
silica content in fly ash requires Ca(OH)2 to form C-S-H gel in cement hydration (Solikin, 
2012). The use of limewater to improve the alkali content in HVFA concrete is similar to 
geopolymer concrete production, which is generated by creating a reaction of alkaline liquid 
with silicon and the aluminium from the by-product material (Davidovits, 1991; Vijai et al., 
2010). 
 
The saturated limewater was made by dissolving 3 grams of hydrated lime powder in one 
litre of tap water, since less than 2 grams of lime can dissolve in tap water (Concrete 
Construction Staff, 1983). Only the top layer of the saturated limewater was utilised as 
mixing water while the solid hydrated lime was left on the bottom after 24 hours 
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sedimentation (Solikin, 2012). The concentration of saturated limewater in molar can be 
determined by assuming 2 grams of lime dissolved in one litre of tap water using the 
following formula: 
 
Mol of Ca(OH)2 = gram / molar mass = 2 / [40 + 2 × (16 + 1)] = 0.03 mol 
Molar of Ca(OH)2 = mol / litre = 0.03 M 
 
The saturated limewater as alkali solution for mixing water has a very low concentration 
compared with the alkali solution used in geopolymer concrete production. Some researchers 
have reported that the alkali solution has a concentration of 8M to 16M in geopolymer 
concrete production (Anuar et al., 2011; Lloyd and Rangan, 2010). Nevertheless, a low alkali 
concentration of limewater is used as an additional chemical substance in concrete since 
HVFA concrete can be manufactured without supplementary chemical admixtures (Solikin, 
2012). 
 
Four types of mixing water were used in this experimental work: tap water, limewater 1, 
limewater 2 and limewater 3, to examine the effect of concentration of water or limewater on 
the strength development of concrete. The specific gravity of tap water is 1. The limewater 1, 
2 and 3 were made by mixing 3 grams, 6 grams and 12 grams of hydrated lime powder into 
one litre of tap water, respectively. They are shown in Figure 6.8, Figure 6.9 and Figure 
6.10. These hydrated lime powders were mixed and dissolved in tap water at least one day 
before casting concrete to become saturated limewater. This saturated limewater was kept for 
24 hours to allow the sediment to settle before mixing in the concrete. Only the top layer of 
the water was used as mixing water and the solid hydrated lime was left. The pH of the 
mixing water was measured before being used for every mix. The average pH values for the 
four types of mixing water were presented in Table 6.4. The alkalinity of saturated limewater 
is much higher than that of tap water. The higher alkalinity of limewater which results from 
the dissolution of Ca(OH)2 (hydrated lime) is useful when it reacts with pozzolanic material 
with high silica content, such as fly ash. Previous research by Solikin (2012) found that the 
density of saturated limewater is 0.08% higher than that of tap water, since some hydrated 
lime particles are dissolved in it.  
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Figure 6.8: Limewater 1 (3 grams of hydrated lime powder) as mixing water.  
(a) After mixing and stirring hydrated lime powder with one litre of tap water   
(b) After 24 hours of sedimentation 
 
 
                        
 
Figure 6.9: Limewater 2 (6 grams of hydrated lime powder) as mixing water.  
(a) After mixing and stirring hydrated lime powder with one litre of tap water   
(b) After 24 hours of sedimentation 
 
(a) (b) 
(a) (b) 
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Figure 6.10: Limewater 3 (12 grams of hydrated lime powder) as mixing water.  
(a) After mixing and stirring hydrated lime powder with one litre of tap water   
(b) After 24 hours of sedimentation 
 
 
Table 6.4: Average pH values for four types of mixing water. 
 
Water type Tap water Limewater 1 Limewater 2 Limewater 3 
Average pH 8.0 10.5-11.0 11.1-11.5 12.0-12.5 
 
 
 
6.3 Mix design and proportions 
 
A pilot study was conducted to examine the feasibility of using limewater and UFFA in 
concrete to develop a concrete mix with over 60% fly ash replacement of cement and achieve 
similar short-term mechanical properties to those of OPC with similar total binder content. 
The literature review revealed that UFFA improves the strength of concrete and increases the 
reactivity of fly ash, considering that the particle size is a major factor in fly ash reactivity. 
HVFA concrete with high strength can be obtained by using low water content, increasing the 
reactivity of fly ash by using UFFA and limewater as mixing water and using smaller sized 
aggregate (Solikin, 2012). In addition, a high-range water reducer or superplasticiser was 
used in the mix to solve the constraint of low water content in HVFA concrete. 
 
(b) (a) 
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The experimental program was planned to ascertain the effect of parameters such as cement 
replacement level, concentration of limewater, fly ash particle size, temperature of mixing 
water and age of concrete. The following strategies were examined to increase the percentage 
replacement of fly ash without compromising compressive strength: 
 
• using different concentrations of limewater as mixing water to provide more Ca(OH)2 
for the pozzolanic reaction of fly ash 
• reducing fly ash particle size to enhance the reactivity of fly ash 
• examining the effect of temperature of mixing water to enhance the reaction 
 
The research program commenced with the study of previous mix proportions of high-
volume UFFA concrete to find the optimum concrete mix design for high-strength concrete 
using high-volume UFFA (Solikin, 2012; Solikin et al., 2011). The optimum concrete mix 
design was obtained by testing a series of concrete specimens for the mechanical properties 
of the HVFA concrete. From the strength results for HVFA concrete, a mix proportion was 
chosen as above for high-volume UFFA concrete. The material properties of HVFA concrete 
with UFFA and limewater, including compressive strength, modulus of rupture, indirect 
tensile strength, modulus of elasticity, drying shrinkage and creep, were tested to understand 
the mechanism of strength gain. 
 
The method proposed by Aïtcin for the mix design of high-performance concrete (Aïtcin, 
2004) was used with some minor changes to prepare the mix design in this research. The 
proposed mix design by Aïtcin for high-performance has five points as follows: 
 
a) Water/binder (w/b) ratio: The w/b ratio is chosen based on the 28-day compressive 
strength of concrete, according to the proposed w/b ratio versus compressive strength 
relationship graph as shown in Figure 6.11. The 28-day compressive strength of concrete 
was tested on cylinders of 100 mm diameter and 200 mm height at 28 days of curing age. 
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Figure 6.11: Proposed w/b ratio vs. compressive strength relationship (Aïtcin, 2004). 
 
b) Water content: The amount of water amount used is determined to reach a slump of 200 
mm after one hour of batching. Figure 6.12 shows the determination of the minimum water 
content based on the concept of the saturation point of the superplasticiser. A water content of 
145 l/m
3 
is recommended if the saturation point of the superplasticiser is not known. 
 
 
Figure 6.12: Determination of the minimum water dosage (Aïtcin, 2004). 
 
c) Superplasticiser dosage: A superplasticiser dosage of 1% can be used if the saturation point 
of the superplasticiser is not known. 
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d) Coarse aggregate content: The coarse aggregate content can be estimated based on Figure 
6.13 according to the typical particle shape. A coarse aggregate content of 1,000 kg/m
3 
is 
suggested if there is some doubt or the coarse aggregate shape is not known. 
 
 
 
Figure 6.13: Coarse aggregate content (Aïtcin, 2004). 
 
e) Entrapped air content: The air content of high-performance concrete can range from 1% to 
3% according to the mix proportion. A value of 1.5% of air content is usually assumed and 
can be adjusted based on the results obtained from a trial mix if necessary. 
 
The mix proportion for high-strength concrete can be calculated using the method proposed 
by Aïtcin, as shown in Figure 6.14 below. 
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Figure 6.14: Mix design sheet (Aïtcin, 2004). 
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Preliminary experimental work was carried out to develop the process of making, mixing and 
curing HVFA concrete, to understand the effect of adding different concentrations of 
limewater and the use of UFFA in the mix to find the best mix proportions for HVFA 
concrete. Seventeen mix proportions were cast in Stage one experimental work. Mixes of 
50%, 65% and 80% of HVFA concrete were manufactured to study the effect of different 
concentrations of limewater on mechanical properties, such as compressive strength, flexural 
strength, modulus of elasticity and drying shrinkage of HVFA concrete and compare the 
results with those of OPC concrete.  
 
The seventeen mixes manufactured are given in Table 6.5 and the mass of each component 
of a mix is given in terms of kilograms per cubic meter of concrete. The total binder of the 
mix proportion is 450 kg/m
3
 with water binder (w/b) ratio of 0.3. The limewater 1, 2 and 3 in 
Table 6.5 represent 3 g, 6 g and 12 g of hydrated lime powders mixed into 1 litre of tap 
water, respectively. 
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Table 6.5: Mix proportions of OPC concrete and HVFA concrete for preliminary Stage one experimental work. 
 
 
 
% 
Fly 
Ash Mix 
Test 
Specimen 
Name 
Raw 
Fly 
Ash 
(kg/m
3
) 
Ultra-
Fine 
Fly 
Ash 
(kg/m
3
) 
Cement 
(kg/m
3
) 
Water 
(kg/m
3
) 
Water 
binder 
(w/b) 
ratio 
Fine 
Aggregate 
(kg/m
3
) 
Coarse 
Aggregate 
(kg/m
3
) 
Super-
plastic-
iser 
(litre/m
3
) 
1 - Portland cement XHT2 - - 450 135 0.3 684 1209 5.6 
2 
50 
50% raw fly ash, limewater 1  XHT3 225 - 225 135 0.3 653 1153 5.6 
3 50% raw fly ash, limewater 2 XHT4 225 - 225 135 0.3 653 1153 5.6 
4 50% raw fly ash, limewater 3 XHT5 225 - 225 135 0.3 653 1153 5.6 
5 
50% ultra-fine fly ash, 
limewater 1 XHC1 - 225 225 135 0.3 653 1153 5.6 
 
                    
6 
65 
65% raw fly ash, limewater 1 XHT7 292.5 - 157.5 135 0.3 643 1136 5.6 
7 65% raw fly ash, limewater 2 XHT8 292.5 - 157.5 135 0.3 643 1136 5.6 
8 65% raw fly ash, limewater 3 XHT6 292.5 - 157.5 135 0.3 643 1136 5.6 
9 
65% raw fly ash, limewater 3, 
60
o
C XHX1 292.5 - 157.5 135 0.3 643 1136 5.6 
10 
65% ultra-fine fly ash, 
limewater 3 XHC2 - 292.5 157.5 135 0.3 643 1136 5.6 
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Table 6.5: Mix proportions of OPC concrete and HVFA concrete for preliminary Stage one experimental work. 
 
11 
80 
80% raw fly ash, limewater 1 XHT9 360 - 90 135 0.3 634 1120 5.6 
12 80% raw fly ash, limewater 2 XHT10 360 - 90 135 0.3 634 1120 5.6 
13 80% raw fly ash, limewater 3 XHT11 360 - 90 135 0.3 634 1120 5.6 
14 
80% raw fly ash, limewater 3, 
60
o
C XHX2 360 - 90 135 0.3 634 1120 5.6 
15 
80% raw fly ash, limewater 3 
35
o
C XHX2b 360 - 90 135 0.3 634 1120 5.6 
16 
80% ultra-fine fly ash, 
limewater 3 XHC3 - 360 90 135 0.3 634 1120 5.6 
17 
80% ultra-fine fly ash, 
limewater 3+lime slurry XHC4 - 360 90 135 0.3 634 1120 5.6 
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6.4 Methods of Manufacturing and Curing 
 
For the preliminary Stage one experimental work, seventeen mixes of OPC concrete, and 50%, 
65% and 80% of raw fly ash or UFFA concrete with different concentrations of limewater as 
mixing water were manufactured and tested for compressive strength, flexural strength, modulus 
of elasticity and drying shrinkage. The preparation, manufacture, mixing and curing procedures 
for the concrete specimens were conducted according to Australian Standard (AS) 1012.2. AS 
1012.8.1 was the reference for making and curing test specimens of 100 mm diameter × 200 mm 
high cylinders used for compressive strength tests, modulus of elasticity tests and creep tests, 
whereas 150 × 300 mm concrete cylinders were manufactured for indirect tensile strength 
testing. 100 × 100 × 350 mm rectangular beams were made and cured according to AS 1012.8.2 
for flexural strength testing. AS 1012.8.4 was followed to make and cure 75 × 75 × 280 mm 
prisms for drying shrinkage tests.  
 
The particle density, specific gravity and water absorption of fine aggregates were determined 
according to AS 1141.5 and the American Society for Testing and Materials (ASTM) C128 
while AS 1141.6.1, AS 1141.6.2 and ASTM C127 were the references for coarse aggregates. 
These values were calculated before preparing the mix proportions for the concrete mixes.  
 
Three concentrations of limewater were used in this experimental work, described as limewater 1, 
limewater 2 and limewater 3. For the control OPC mix, normal tap water was used in the mix. 
One day before casting the concrete, hydrated lime powder was mixed in water to become 
saturated limewater for use as mixing water. The pH of the water or saturated limewater was 
measured for every mix before casting.  
 
Before mixing the mix, a 1.18 mm mesh was used to sieve the raw fly ash to remove any clumps. 
To start the mixing procedure, the cementitious or fly ash materials were first mixed separately 
from coarse and fine aggregates in different mixers for about 3 minutes. Then the cementitious 
and fly ash materials were dry mixed with aggregates in a rotating pan mixer of 140 litres 
capacity for another 3 minutes, as shown in Figure 6.15. 90% of saturated limewater was then 
added to the mix without stopping the mixing. Only the top part of the limewater was used and 
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the lime slurry left at the bottom was not used. The last 10% of limewater and half of the 
superplasticiser were then added. The amount of superplasticiser added to the mix was controlled 
depending on the condition of the mix. Wet mixing was continued for another 3 minutes.  
 
The slump of the fresh concrete was then measured before moulding. HVFA concrete hardens in 
a short period after mixing. Hence it was cast into moulds immediately after mixing, in three 
layers for cylindrical specimens and two layers for rectangular beam and prismatic specimens. 
For compaction of the mix, each layer was vibrated for 10 to 15 seconds on a vibrating table. The 
specimens were left in the moulds at room temperature in the laboratory. The cylindrical 
specimens were then removed from the moulds one day after casting, while the rectangular beam 
specimens and prismatic specimens were removed from the moulds two days after casting. All 
the specimens were cured in a water tank after demoulding until the day of testing. 
 
 
 
 
Figure 6.15: Rotating pan mixer used for mixing concrete mixes. 
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6.4.1  Slump Testing 
 
Slump testing was conducted according to AS 1012.3.1-2010, Methods of testing concrete - 
Method 3.1: Determination of properties related to the consistency of concrete - Slump test. The 
slump test measures the workability of fresh concrete and determines the consistency of the 
concrete (Solikin, 2012; Mehta and Monteiro, 2006). A cone mould 300 mm in height and 100 
mm in diameter at the top and 200 mm in diameter at the bottom is utilised for slump test 
measurement. After mixing the concrete mix, the mix is poured immediately in three layers into 
the cone mould and each layer is compacted with 25 strokes using a rod. The top surface of the 
concrete is finished off to exactly fill the mould after the top layer has been filled and rodded. 
The mould is then removed slowly and carefully in a vertical direction. The slump is then 
measured and recorded. Figure 6.16 shows the measurement of a slump test.  
 
 
 
 
Figure 6.16: Slump measurement test. 
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6.4.1.1 Slump Test Results 
 
The slump of fresh concrete is measured immediately after the cone mould has been lifted from 
the pouring mix. The slump is determined by the difference between the height of the mould and 
the average height of the top surface of the collapsed concrete. Table 6.6 shows the results of 
slump tests for the Stage one experimental work.  
 
Table 6.6: Results of slump test for Stage one experimental work. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mix 
Test Specimen 
Name 
Slump 
(mm) 
1 Portland Cement XHT2 75 
2 50% raw fly ash, limewater 1  XHT3 65 
3 50% raw fly ash, limewater 2 XHT4 75 
4 50% raw fly ash, limewater 3 XHT5 70 
5 50% ultra-fine fly ash, limewater 1 XHC1 75 
6 65% raw fly ash, limewater 1 XHT7 85 
7 65% raw fly ash, limewater 2 XHT8 85 
8 65% raw fly ash, limewater 3 XHT6 75 
9 65% raw fly ash, limewater 3, 60
o
C XHX1 - 
10 65% ultra-fine fly ash, limewater 3 XHC2 65 
11 80% raw fly ash, limewater 1 XHT9 75 
12 80% raw fly ash, limewater 2 XHT10 85 
13 80% raw fly ash, limewater 3 XHT11 85 
14 80% raw fly ash, limewater 3, 60
o
C XHX2 - 
15 80% raw fly ash, limewater 3, 35
o
C XHX2b 35 
16 80% ultra-fine fly ash, limewater 3 XHC3 65 
17 80% ultra-fine fly ash, limewater 3+lime slurry XHC4 35 
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Most of the slumps of the concrete mixes have values of 65 mm to 85 mm, as shown in Table 
6.6, with the exception of 80% raw fly ash with 35
o
C limewater 3 of concrete mix and 80% ultra-
fine fly ash with limewater 3 plus lime slurry concrete mix, which have slump values of 35 mm. 
Slump of between 50 mm to 100 mm shows that the mix has medium workability while slump of 
between 25 mm to 50 mm shows that the mix has low workability. In addition, there were two 
failed mixes, both having 60
o
C limewater 3 as mixing water of 65% raw fly ash and 80% raw fly 
ash concrete mixes. The slump results showed that high temperature of mix solution did not 
improve the slump. The failed mixes were too wet or watery to enable slump measurement.  
 
The slumps of normal class concretes range from 40 mm to 120 mm and a typical concrete 
slump is 80 mm. Most of the slump results demonstrated that the concrete mix fulfils the slump 
requirement for high-strength concrete. OPC concrete has slump of 75 mm and 50% fly ash 
concrete has slump in the range of 65 mm to 75 mm. Both 65% and 80% fly ash concrete have 
slump in the range of 65 mm to 85 mm. The slump result of OPC with tap water concrete mix is 
similar to other HVFAs with limewater concrete mix. However, the fresh HVFA concrete is 
sticky and dries out in a short period. This result is similar to that of previous research by Solikin 
(2012) and also that for fresh geopolymer concrete, as reported by Rangan et al. (2006).  
 
Furthermore, some researchers have stated that the spherical shape of fly ash particles could 
increase the concrete workability of high-volume fly ash mixes and produce higher slump (Atis 
and Karahan, 2009; Bouzoubaâ et al., 1999; Idorn and Henriksen, 1984; Solikin, 2012). The 
slump value can also be enhanced by adding chemical admixtures, such as mid-range or high-
range water reducing agents or superplasticiser, and this will not change the water/cement ratio. 
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6.5 Mechanical Properties (Short-term) Testing Procedures 
 
6.5.1  Typical Properties of Fly Ash Concrete 
 
Typical short-term mechanical properties of OPC concrete and HVFA concrete were tested in 
the laboratory. Tests of compressive strength, modulus of elasticity, modulus of rupture or 
flexural strength, and indirect tensile strength of concrete specimens were conducted according 
to Australian Standards (AS 1012, 1997; 1999; 2000). The slump of each concrete mix was also 
measured. All the concrete test specimens were cured in water until the test day, as shown in 
Figure 6.17 (a) and (b). All the surfaces of cylindrical concrete test specimens 100 mm in 
diameter × 200 mm high were cut using cutting machines to avoid uneven surfaces, as shown in 
Figure 6.18 (a) and (b). 
 
 
             
 
 
Figure 6.17 (a) and (b): Concrete test specimens. 
 
 
(a) (b) 
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Figure 6.18 (a) and (b): Cutting machines were used to cut uneven surfaces of concrete test 
specimens. 
 
 
6.5.2  Compressive Strength Test 
 
The compressive strengths of three 100 × 200 mm concrete cylinders were tested in compression 
at the ages of 7, 28, 56 and 90 days after casting in accordance with the test procedures given in 
the Australian Standard, AS 1012.9-1999, Methods of testing concrete - Determination of the 
compressive strength of concrete specimens. After casting the cylinder specimens in the mould, 
the specimens were demoulded on the second day and cured in a water tank at 23
o
C until the day 
of testing. An MTS hydraulic compression testing machine was used to test the compressive 
strength of the concrete, as shown in Figure 6.19. Figure 6.19 (a) shows the concrete specimen 
before testing while Figure 6.19 (b) shows the concrete specimen after the test. The tests were 
conducted with a loading rate of 157 kN/minute. The compressive strength of concrete cylinders 
at 7, 28, 56 and 90 days were calculated from the average results of the three concrete cylinders 
tested. 
(a) (b) 
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Figure 6.19: Compressive strength test. 
(a) Before test 
(b) After test 
 
 
6.5.3  Modulus of Elasticity Test 
 
The modulus of elasticity test was conducted based on the Australian Standard AS 1012.17-
1997, Methods of testing concrete - Determination of the static modulus of elasticity and 
Poisson’s ratio of concrete specimens. Testing was conducted using a compression testing 
machine at curing ages of 28 days and 90 days. The test load was taken as equivalent to 40% of 
the average compressive strength of three concrete cylinders that were tested in accordance with 
AS 1012.9 on the same day as the modulus of elasticity test. 100 × 200 mm concrete cylinders 
were manufactured for the modulus of elasticity test. After casting the cylinder specimens in the 
mould, the specimens were demoulded on the second day and cured in a water tank at 23
o
C until 
the day of testing. For the modulus of elasticity test, two methods were used to conduct the test 
to enable comparison of the results using a compressometer and a strain gauge. For the modulus 
of elasticity test using a strain gauge, the specimens were cured in the water tank until two weeks 
before the testing day so that the strain gauge can be attached to a dry specimen prior to testing. 
(a) (b) 
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6.5.3.1 Modulus of Elasticity by compressometer 
 
For the modulus of elasticity test of concrete using a compressometer, an MTS hydraulic 
compression testing machine was used in accordance with Australian Standard AS 1012.17-
1997, Methods of testing concrete - Determination of the static modulus of elasticity and 
Poisson’s ratio of concrete specimens. The tests were conducted with a loading rate of 15 ± 2 
MPa/minute. For each mix, three specimens were used to determine the modulus of elasticity. 
Each specimen was loaded continuously at the constant rate at least three times. The modulus of 
elasticity for each specimen was taken as the average of the moduli obtained from the second and 
successive loadings. The average value obtained from the three concrete cylinders of the same 
mix was calculated as the modulus of elasticity. Figure 6.20 (a) and (b) shows the modulus of 
elasticity test conducted using a compressometer.  
 
 
       
 
Figure 6.20 (a) and (b): Modulus of elasticity test by compressometer. 
 
 
(a) (b) 
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6.5.3.2 Modulus of Elasticity by strain gauge 
 
An MTS hydraulic compression testing machine was used to operate the modulus of elasticity 
test by strain gauge according to the Australian Standard AS 1012.17-1997, Methods of testing 
concrete - Determination of the static modulus of elasticity and Poisson’s ratio of concrete 
specimens. Three specimens were used to determine the modulus of elasticity for each concrete 
mix. The tests were conducted with a continuous loading rate of 15 ± 2 MPa/minute applied 
constantly to concrete specimens until no increase in force could be continued. Two strain 
gauges were attached to the middle third of the height of each concrete specimen to take the 
measurements for modulus of elasticity. The load and strain values were taken using a data 
logger and were used to plot stress/strain curves and calculate the modulus of elasticity. The 
average value obtained from the three concrete cylinders of the same mix was calculated as the 
modulus of elasticity. Figure 6.21 (a) and (b) show the modulus of elasticity test conducted 
using strain gauges. Figure 6.21 (a) shows the concrete specimen before the test while Figure 
6.21 (b) shows the concrete specimen after the test. 
 
 
           
 
Figure 6.21 (a) and (b): Modulus of elasticity test using strain gauges. 
(a) Before test 
(b) After test 
(a) (b) 
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6.5.4  Flexural Strength Test 
 
The flexural strength or modulus of rupture test of the concrete mixes was conducted according 
to the Australian Standard, AS 1012.11-2000, Methods of testing concrete - Determination of the 
modulus of rupture, by using a compression testing machine with a loading rate of 1 ± 0.1 
MPa/minute. 100 × 100 × 350 mm rectangular concrete beams were manufactured for this test. 
After casting the specimens in the moulds, the specimens were demoulded on the third day and 
cured in a water tank at 23
o
C until the day of testing. For each test, three specimens were used to 
determine the modulus of rupture for every mix at the ages of 28, 56 and 90 days. The average 
value obtained from the three specimens was used as the modulus of rupture. The force was 
applied continuously until no force could be increased. Figure 6.22 (a) and (b) show the flexural 
strength test. Figure 6.22 (a) shows the test set-up before the test while Figure 6.22 (b) shows a 
concrete specimen after testing. Figure 6.23 (a) shows the concrete specimens before testing 
while Figure 6.23 (b) shows the concrete specimens after testing. 
 
 
          
 
Figure 6.22 (a) and (b): Flexural strength test. 
(a) Before test 
(b) After test 
(a) (b) 
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Figure 6.23 (a) and (b): Concrete specimens for flexural strength test. 
(a) Before test 
(b) After test 
 
 
6.5.5  Indirect Tensile Strength Test 
 
The indirect tensile strength test of the concrete mixes was conducted in accordance with the 
Australian Standard, AS 1012.10-2000, Methods of testing concrete - Determination of indirect 
tensile strength of concrete cylinders (‘Brazil’ or splitting test), using a compression testing 
machine with a constant rate of 1.5 ± 0.15 MPa/minute indirect tensile stress. 150 × 300 mm 
concrete cylinders were manufactured for this indirect tensile strength test. After casting the 
specimens in the mould, the specimens were demoulded on the third day and cured in a water 
tank at 23
o
C until the day of testing. For each test, three specimens were utilised to determine the 
indirect tensile strength for every mix at the ages of 28 and 90 days. The mean value obtained 
from the three specimens was calculated as the indirect tensile strength. The force was applied 
continuously until no force could be maintained. Figures 6.24 (a) and (b) show the indirect 
tensile strength test. Figure 6.24 (a) shows the test set-up before the test while Figure 6.24 (b) 
shows a concrete specimen after the test. 
(a) (b) 
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Figure 6.24 (a) and (b): Indirect tensile strength test. 
(a) Before test 
(b) After test 
 
 
6.6 Testing Procedures for Creep and Drying Shrinkage 
 
For this research work, time-dependent properties of OPC concrete and HVFA concrete such as 
creep and drying shrinkage were tested for one year. Both of the tests were conducted according 
to Australian Standards and are discussed below. 
 
 
6.6.1  Creep Test 
 
The creep tests were performed in accordance with the Australian Standard, AS 1012.16-1996, 
Methods of testing concrete - Determination of creep of concrete cylinders in compression. 100 
mm × 200 mm cylinders were used as test specimens for the creep test. Three cylinders were 
(a) (b) 
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loaded and used for measuring the creep while the other two cylinders remained unloaded and 
were used as controls. The compressive strength of the three concrete cylinders of same mix 
were tested on the same day that the creep specimens were loaded to determine the applied load 
on the test specimens. The load was 40% of the average compressive strength obtained and the 
load was sustained for the period of the test.  
 
All the surfaces of creep test specimens were cut using cutting machines to avoid uneven 
surfaces, as shown in Figure 6.18 (a) and (b). All the specimens were cured in a water tank after 
being demoulded, stored and having strain gauges attached two weeks before being loaded into 
creep rig at the age of 28 days. Figure 6.25 shows the strain gauge used for measuring creep 
strain. Figure 6.26 shows the strain gauge attached to the concrete test specimen. After the initial 
loading, the strain values were measured at 2 hours, 6 hours, then once daily for the first week, 
then once a week for one month and once a month subsequently. Figure 6.27 shows the creep 
test. The creep test was conducted in a humidity chamber at 50% relative humidity and at about 
23
o
C.  
 
 
 
 
Figure 6.25: Strain gauge used for measuring creep strain. 
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Figure 6.26: Strain gauge attached to concrete test specimen. 
 
 
 
 
Figure 6.27: Creep test. 
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6.6.2  Drying Shrinkage Test 
 
The procedure for the drying shrinkage test was based on the Australian Standard, AS 1012.13-
1992, Methods of testing concrete - Determination of the drying shrinkage of concrete for 
samples prepared in the field or in the laboratory. The test specimens used for the drying 
shrinkage test were 75 × 75 × 280 mm prisms with gauge studs at both ends, as shown in Figure 
6.28 (b). Three specimens were prepared for each mix. For each mix, three 100 × 200 mm 
cylindrical specimens were also prepared for each compressive strength test. 
 
On the second day after casting, the specimens were demoulded and cured in a water tank. The 
shrinkage strain measurements started on the seventh day after casting the concrete and 
continued once a week for two months and then once a month until one year. A horizontal length 
comparator was used to measure the change of length, as shown in Figure 6.28 (a) and (b). A 
reference bar was used to check the zero setting of the comparator during measurement, as 
shown in Figure 6.28 (a). At least five consecutive determinations of within 0.001 mm of 
average measurement were made for every measurement for each sample. The mean of these 
five determinations was used to calculate the drying shrinkage in microstrain. The average value 
obtained from the three specimens of each mix was taken as the drying shrinkage of the concrete. 
During the drying shrinkage tests, the specimens were kept in a humidity chamber at 50% 
relative humidity at approximately 23
o
C. 
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Figure 6.28 (a) and (b): Horizontal length comparator. 
(a) Horizontal length comparator measures the reference bar. 
(b) Horizontal length comparator measures drying shrinkage of test specimen. 
 
 
6.7 Summary 
 
The materials and testing procedures adopted in the research program were presented in this 
chapter. Some adjustments were made to HVFA concrete. 
 
 Aïtcin’s (2004) method was used for the mix design. 
 All the manufacturing, mixing and curing procedures of the concrete specimens and 
testing for short-term and long-term properties were conducted according to the relevant 
Australian Standards. 
 The materials used to manufacture high-strength concrete, especially with high volumes 
of fly ash, need to be carefully selected. 
 In this research, ordinary Type I Portland cement, crushed coarse aggregates of 10 mm 
maximum size and river sand of 4.75 mm maximum sizewere used. 
 High-range water reducer (HRWR) or superplasticiser of an aqueous solution of sodium 
naphthalene formaldehyde sulphonate (Sikament NN) was used as the admixture in 
manufacturing the concrete in this study. 
(a) (b) 
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 Class F fly ash or low-calcium fly ash from Tarong power plant was used as 
supplementary cementitious material (SCM) to replace cement content. Two types of fly 
ash, raw fly ash and UFFA, were used to enable comparisons of two different particle 
sizes of fly ash. 
 Four types of mixing water were used in this experimental work: tap water, limewater 1, 
limewater 2 and limewater 3, to examine the effect of concentration of water or 
limewater on the strength development of concrete. The limewater 1, 2 and 3 were made 
by mixing 3 grams, 6 grams and 12 grams of hydrated lime powder into one litre of tap 
water, respectively while normal tap water was used in the control OPC mix.  
 Parameters such as cement replacement level, concentration of limewater, fly ash particle 
size, temperature of mixing water and age of concrete were examined to increase the 
replacement level of fly ash without compromising the compressive strength. 
 Slump was measured for every concrete mix before moulding. 
 Most of the slump results of the concrete mixes in the Stage one experimental work 
showed values of 65 mm to 85 mm, indicating medium workability. 
 Typical short-term properties of OPC concrete and HVFA concrete, such as compressive 
strength, modulus of elasticity, modulus of rupture or flexural strength and indirect 
tensile strength were tested. 
 A subsidiary test program was conducted for modulus of elasticity to examine the high 
variability of the measured values. 
 Time-dependent properties of OPC concrete and HVFA concrete such as creep and 
drying shrinkage were tested for one year. 
 
Seventeen mix proportions of 50%, 65% and 80% of HVFA concrete and OPC concrete were 
cast and tested in the Stage one experimental work. Chapter 7 presents the results of the short-
term properties of these seventeen concrete mixes. In addition, the microstructural analysis of 
concrete is also presented. 
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CHAPTER 7 
 
 
SHORT-TERM PROPERTIES OF HIGH-VOLUME FLY 
ASH CONCRETE WITH 50%, 65% AND 80% CEMENT 
REPLACEMENT 
 
 
7.1  Introduction 
 
 
In order to understand the performance of high-volume fly ash (HVFA) concrete, the short-term 
properties of samples made with the seventeen mix designs were measured in the laboratory. 
These properties are used in structural design with concrete and therefore should be examined to 
understand the feasibility of using HVFA concrete in structural applications. The properties 
examined were compressive strength, modulus of elasticity, flexural strength and indirect tensile 
strength. This chapter presents the results of the workability and short-term properties of HVFA 
concrete made with seventeen trial mixes. Microstructural analysis is also included in this 
chapter. 
 
 
7.2  Compressive Strength 
 
For compressive strength testing of the preliminary Stage one experimental study, three 100 × 
200 mm concrete cylinders were tested at the ages of 7, 28 and 56 days after casting in 
accordance with the test procedures given in Australian Standards, AS 1012.9-1999, Methods of 
testing concrete - Determination of the compressive strength of concrete specimens. The top 
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surface of each cylinder was cut using a wet cutting machine to obtain an even surface. The 
cylinders were cured in a water-curing tank until the test day. An MTS hydraulic compression 
testing machine was used to test the compressive strength of the concrete. The tests were 
conducted with a loading rate of 157 kN/minute until no additional load could be applied. The 
compressive strength was calculated by dividing the maximum load to failure by the average 
cross-sectional area (AS 1012.9, 1999). All the average results of the compressive strength of 
three concrete cylinders at 7, 28 and 56 days are presented in Table 7.1 and Figure 7.1. 
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Table 7.1: Average compressive strength of OPC concrete and HVFA (50%, 65%, 80%) 
concrete at ages of 7 days, 28 days and 56 days. 
   
Average compressive 
strength (MPa) 
 
Mix 
Test 
Specimen 
Name 7 days 28 days 56 days 
1 Portland Cement XHT2 47.6 56.9 60.5 
2 50% raw fly ash, limewater 1  XHT3 30.6 39.3 45.8 
3 50% raw fly ash, limewater 2 XHT4 46.3 59.0 65.5 
4 50% raw fly ash, limewater 3 XHT5 38.0 68.0 68.3 
5 50% ultra-fine fly ash, limewater 1 XHC1 40.4 59.7 60.0 
6 65% raw fly ash, limewater 1 XHT7 23.8 38.1 49.3 
7 65% raw fly ash, limewater 2 XHT8 13.9 23.8 36.7 
8 65% raw fly ash, limewater 3 XHT6 21.5 31.9 37.6 
9 65% raw fly ash, limewater 3, 60
o
C XHX1 - - - 
10 65% ultra-fine fly ash, limewater 3 XHC2 45.0 60.8 64.6 
11 80% raw fly ash, limewater 1 XHT9 4.2 8.8 17.9 
12 80% raw fly ash, limewater 2 XHT10 9.1 23.6 29.8 
13 80% raw fly ash, limewater 3 XHT11 8.4 22.0 25.3 
14 80% raw fly ash, limewater 3, 60
o
C XHX2 - - - 
15 80% raw fly ash, limewater 3, 35
o
C XHX2b 2.8 10.5 19.4 
16 80% ultra-fine fly ash, limewater 3 XHC3 5.1 14.4 - 
17 
80% ultra-fine fly ash, limewater 3+lime 
slurry 
XHC4 4.8 15.7 21.4 
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Figure 7.1: Compressive strength of OPC concrete and HVFA (50%, 65%, 80%) concrete versus age (days) of concrete.
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Figure 7.2: Compressive strength of OPC concrete and HVFA (50%) concrete versus age 
(days) of concrete. 
 
 
 
Figure 7.3: Compressive strength of OPC concrete and HVFA (65%) concrete versus age 
(days) of concrete. 
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From Figure 7.1, it can be seen that the compressive strengths of all the mixes increased with 
age. All the mixes with 80% fly ash content showed lower compressive strength than OPC 
concrete, 50% and 65% fly ash concrete. 65% raw fly ash with 60
o
C limewater 3 mix and 80% 
raw fly ash with 60
o
C limewater 3 mix are not included in the graph because the concrete 
specimens were very soft and failed prior to testing. Four selected mixes using UFFA concrete 
cylinders were manufactured and tested since grinding of the fly ash was time-consuming.  
 
For the 50% fly ash concrete, all the compressive strength results are presented in Figure 7.2 and 
compared with those for OPC concrete. The results of the mixes show that the higher the 
concentration of limewater, the higher the compressive strength of the concrete. 50% raw fly ash 
concrete using limewater 3 shows a significant increase in compressive strength between the age 
of 7 days and 28 days. It has a low compressive strength at 7 days of age but it has the highest 
compressive strength at 28 and 56 days of age when compared with other concrete mixes. For 
both the raw fly ash and UFFA mixes that used limewater 1 as mixing water, the difference 
between them is the particle size of the fly ash used. The results show that the use of smaller 
particle sized fly ash (UFFA) leads to higher compressive strength of concrete. All the 
compressive strength results of UFFA concrete with limewater 1 at 7, 28 and 56 days of age are 
higher than those of raw fly ash concrete. Of the 50% fly ash concretes, raw fly ash with 
limewater 1 mix has the lowest compressive strength at 7, 28 and 56 days. 
 
The graph in Figure 7.3 shows the compressive strength of 65% fly ash concrete compared with 
that of OPC concrete. For the 50% fly ash concretes, limewater 3 mix shows the highest 
compressive strength. Hence only limewater 3 was used for the UFFA mix. For the 65% fly ash 
concretes, UFFA with limewater 3 has the highest compressive strength. Although it has slightly 
lower 7-day compressive strength than OPC concrete, it has higher compressive strength than 
OPC concrete at the ages of 28 and 56 days. All 65% raw fly ash concretes with different 
concentrations of limewater have lower compressive strength than OPC concrete at 7, 28 and 56 
days. 
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The compressive strength results indicate that the mix proportions of 50% and 65% fly ash 
concrete meet the strength requirement for normal or high-strength concrete at 28 days. Some 
researchers have reported that the use of HVFA as cement replacement demonstrates slow 
compressive strength development and low early age strength when compared with OPC 
concrete (Naik et al., 1998; Mehta, 1985; Mehta, 2004). The slow strength development is due to 
the use of HVFA as cement replacement and the low content of cement in the concrete.  
 
In addition, the results show that the particle size of fly ash used in the mix proportions affects 
the compressive strength of concrete. The results demonstrate that the use of UFFA increases the 
compressive strength of concrete. The use of higher concentrations of limewater as mixing water 
also increases the compressive strength of concrete. Other similar mixes reported in research on 
the compressive strength of concrete are compared with 65% fly ash concrete in Stage one of the 
present research work in Table 7.2. The table shows that the result of this research work on 65% 
fly ash concrete with limewater 3 is successful. The use of UFFA and limewater more than 
doubles the compressive strength of the concrete produced. 
 
A number of experiments was also conducted to examine the effect of temperature of the mixing 
water on compressive strength development. These demonstrated that the increase in temperature 
to increase the rate of reaction did not work for HVFA concrete. Therefore, from the three 
measures examined to increase the strength, reducing particle size and increasing the Ca(OH)2 in 
limewater are most effective in increasing the compressive strength of HVFA concrete. 
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Table 7.2: Comparison of published results with Stage one experimental work. 
 
 (Bouzoubaâ 
et al., 2001) 
(Carette et 
al., 1993) 
(Duran-Herrera et al., 
2011) 
Stage one 
experimental 
work 
% Replacement of 
cement by fly ash 
55 58 60 65 
Cement content 
(kg/m
3
) 
170 152 170 162 148 157.5 
Compressive 
strength of concrete 
at 28 days (MPa) 
30 26-43 16.8 13.1 9.8 45-65 
 
 
 
7.3  Pozzolanic Reaction in HVFA Concrete 
 
In order to understand these results, the pozzolanic reaction in HVFA concrete was examined. 
This section discusses the pozzolanic reaction in HVFA concrete. The amount of lime needed for 
pozzolanic reaction in HVFA concrete was examined and calculated based on Dunstan (2011). 
Figure 7.4 shows the calculation of the amount of lime needed in HVFA concrete. Figure 7.5 
shows the calculation for the amount of total lime from cement and limewater in HVFA concrete 
in the experimental work. The results show that the amount of lime from cement and limewater 
in HVFA concrete in the experimental work reported here is much less than the amount needed 
to activate fly ash. 
 
UFFA concretes have higher values of pozzolanic index than raw fly ash concretes. The results 
reveal that the higher the pozzolanic index, the greater the amount of lime needed for the 
pozzolanic reaction in HVFA concrete. This may be the reason why the 80% UFFA concretes 
show lower compressive strength than the raw fly ash concretes. 
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Total binder (kg)  = 450       
            
  Pozzolanic Reaction 
  
  
  3 [Ca(OH)2] + 2 [SiO2] = 3(CaO) 2(SiO2) 3(H2O) 
  
    
  
Parts            → 222 120     342 
 
  
  
    
  
  
    
  
Ratio of reaction (222/120) = 1.85 (1 part of lime reacts with 
1.85 parts of silica)   
  
  
  
  
  
Pozzolanic Index (percentage of fly ash which 
reacts with lime at a defined age) 
(assumed from literature) = 0.25   
  
 
  
  
  
Proportion of fly ash (65%, from mix design) = 0.65 
  
  
  
 
  
  
  
Proportion of cement = 0.35 = 1 – 0.65   
  
 
  
  
  
Free lime from hydration of cement  
(assumed 25% is lime, 75% is C-S-H) = 0.25 
  
  
  
    
  
Lime produced from hydration of cement 
(Proportion of cement * free lime proportion) = 0.08750 = 0.35 * 0.25   
  
    
  
Silica needed to react with this lime  
(Lime produced /1.85) = 0.04730 = 0.0875 / 1.85   
  
    
  
Silica available from fly ash = 0.16250 = 0.25 * 0.65   
(Pozzolanic Index * proportion of fly ash) 
    
  
      
Amount of lime needed = 0.30063 = 0.1625 * 1.85   
(Silica available * 1.85) 
    
  
      
Additional lime needed = 0.21313 = 0.3006 – 0.0875   
(Amount of lime needed – lime produced)      
 
Figure 7.4: The calculation for amount of lime needed in HVFA concrete. 
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Amount of lime available from limewater 
  
  
  
    
  
Molar mass of Ca(OH)2 = 40 + (16+1) x 2 
 
  
  = 74 g/mol 
 
  
  
    
  
For limewater 3 to have pH = 13 , 
   
  
pH + pOH = 14 
  
  
pOH  = 14-13   = 1   
pOH = -log [OH
-
] = 1   
  
 
OH
-
 = 10^(-1)   
  
  
= 0.1 M   
  
    
  
Moles = molarity x volume 
 
  
  = 0.1 M/L x 1 L 
 
  
  = 0.1 moles of hydroxide ion   
0.1 moles (OH
-
) x (1 mole Ca(OH)2 / 2 moles of OH
-
) 
 
  
  = 0.05 moles of Ca(OH)2 needed 
  
    
  
Lime in 1L of water (g) = 3.7 = 0.05 * 74   
(Ca(OH)2 needed * Molar mass of Ca(OH)2)   
 
  
Water used in the mix (L) = 135 (from mix design)   
  
    
  
Total mass of lime from 
limewater (kg) = 0.4995 = 3.7 * 135 / 1000   
(Lime in 1L of water * water used / 1000) 
   
  
      
Lime as a proportion of 
binder = 0.00111 = 0.4995 / 450   
(Total mass of lime / total binder)  
   
  
      
Total lime from cement 
and limewater  = 0.08861 = 0.00111 + 0.0875   
(Lime as proportion of binder + lime produced from cement hydration)    
 
Figure 7.5: The calculation for the amount of total lime from cement and limewater in 
HVFA concrete in the experimental work. 
 150 
 
 
Amount of lime needed   =  0.3006  (as shown in Figure 7.4) 
 
The above analysis indicates the reason for the success of the mix with limewater 3. Based on the 
outcomes of this work, another researcher is continuing to examine the effect of further increase 
in additional lime on concrete made with 80% fly ash (Myadaraboina, 2015). 
 
 
7.4  Microstructure Analysis 
 
Microstructure studies were conducted on the repeated mix designs to understand the 
microstructure of the concrete specimens and the reactivity of fly ash in HVFA concrete. The 
microstructure analysis included analysis of the microstructure of concrete and the chemical 
composition of fly ash and qualitative analysis of the microstructure of concrete specimens. A 
Philips XL30 scanning electron microscopy (SEM) was used to observe the particle size of fly 
ash and the microstructure of concrete. The analysis was continued using energy-dispersive X-
ray spectroscopy (EDAX) analysis to find the chemical composition of the concrete specimens. 
 
Samples for microstructure analysis must be dried and coated with a thin layer of carbon. In the 
preparation of concrete specimen samples before SEM observation, the samples were cut to 
dimensions of around 1 cm diameter and 2 mm thickness and attached to carbon conductive 
material. The surfaces of the concrete samples were ground using sand paper and laminated 
diamond polish of 9 microns, 3 microns and 1 micron in sizes in sequence. The specimens were 
then coated with carbon utilising a sputter coating machine in the last step of sample preparation.  
 
The SEM images of raw fly ash and UFFA are shown in Figure 7.6 and Figure 7.7. Both images 
are at a scale of 50 µm to show the difference between the particle size of raw fly ash and the 
UFFA. The particles fly ash are typically spherical, as shown in both figures. SEM analysis also 
shows that the particle size of UFFA is smaller than that of raw fly ash, which is similar to the 
results discussed in Chapter 6.  
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Figure 7.6: SEM image of raw fly ash. 
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Figure 7.7: SEM image of ultra-fine fly ash. 
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Figure 7.8: SEM image of OPC concrete. 
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Figure 7.9: SEM image of high-volume raw fly ash concrete with 65% fly ash. 
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Figure 7.10: SEM image of high-volume ultra-fine fly ash concrete with 65% fly ash. 
 
 
Figures 7.8, 7.9 and 7.10 show SEM images of OPC concrete, high-volume raw fly ash concrete 
and high-volume UFFA concrete respectively. The images use a scale of 50 µm for comparison 
purposes. The HVFA concrete used limewater as mixing water while the OPC concrete used tap 
water. The SEM images show the differences between the microstructure of OPC concrete and 
HVFA concrete. The OPC concrete has a smoother surface than the HVFA concrete. However, 
some micro cracks are found in the OPC concrete.  
 
HVFA concrete clearly shows residue of un-hydrated or un-reacted fly ash in spherical shapes in 
the paste, which is different from the OPC concrete, the cement paste of which is smooth and 
clear. The un-reacted fly ash particles cause the coarse surface of HVFA concrete. With the 
HVFA concrete, high-volume raw fly ash concrete shows the larger particle size of un-reacted 
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fly ash when compared with the UFFA concrete. The larger un-reacted fly ash particles make the 
surface of raw fly ash concrete less smooth than that of the UFFA concrete.  
 
C-S-H is the core hydration product of Portland cement and predominantly affects the strength of 
cement-based materials. Figure 7.8 shows that the OPC pastes bind the aggregate well and 
produce a smoother layer of C-S-H when compared with HVFA concrete. This may cause the 
higher strength of OPC concrete than HVFA concrete. 
 
Figures 7.11, 7.12 and 7.13 show the EDAX graphs of OPC concrete, high-volume raw fly ash 
concrete and high-volume UFFA concrete respectively. Table 7.3 shows the chemical content of 
hydration products in percentage by mass and the Calcium (Ca)/Silica (Si) ratios for OPC 
concrete and HVFA concrete. These results were obtained using EDAX analysis. 
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Figure 7.11: EDAX graph of OPC concrete. 
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Figure 7.12: EDAX graph of high-volume raw fly ash concrete with 65% fly ash. 
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Figure 7.13: EDAX graph of high-volume ultra-fine fly ash concrete with 65% fly ash. 
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Table 7.3: Hydration products of OPC concrete and HVFA concretes (% by mass) from 
EDAX analysis. 
 
 OPC concrete Raw fly ash concrete UFFA concrete 
O 42.3 62.8 68.3 
Si 16.5 28.7 17.6 
Al 1.6 4.7 5.7 
Ca 12.1 2.0 5.4 
P 0.9 0.8 0.8 
K 0.1 0.4 0.2 
Fe 1.5 0.3 0.6 
S 0.6 0.2 0.5 
Ti 0.1 0.2 0.2 
Ca/Si ratio 0.73 0.07 0.31 
 
 
Table 7.3 shows that the OPC concrete has the highest Ca/Si ratio when compared with the 
HVFA concrete. The raw fly ash concrete has the lowest Ca/Si ratio. The lower Ca/Si ratio of 
HVFA concrete is caused by the increased pozzolanic reaction where Si is bound with Ca(OH)2. 
Other researchers have also reported that the Ca/Si ratio decreases when the cement replacement 
with mineral admixture is increased (Monteiro et al., 1997; Jing et al., 2004; Solikin, 2012). 
 
 
7.5  Modulus of Elasticity 
 
7.5.1  Modulus of Elasticity by compressometer 
 
The modulus of elasticity testing was carried out using a compressometer, in accordance with the 
Australian Standard AS 1012.17-1997, Methods of testing concrete - Determination of the static 
modulus of elasticity and Poisson’s ratio of concrete specimens. Testing was conducted using a 
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compression testing machine with a loading rate of 15 ± 2 MPa/minute at the concrete age of 28 
days. The test load was taken as equivalent to 40% of the average compressive strength of three 
concrete cylinders that were tested in accordance with AS 1012.9 on the same day as the 
modulus of elasticity test. For each test, three 100 × 200 mm concrete cylinders were utilised as 
testing specimens. Each specimen was loaded at least three times continuously to obtain the 
average value of the moduli obtained from the second and successive loadings for the calculation 
of the modulus of elasticity. The average value obtained from the three concrete cylinders of 
each mix was determined as the modulus of elasticity. The results for the mean modulus of 
elasticity of concrete and standard deviation are shown in Table 7.4 and Figure 7.14. Error bars 
showing the standard deviations of results are added in Figure 7.14 to demonstrate the 
variability of the results. 
 
 
Table 7.4: Mean modulus of elasticity of concrete and standard deviation at the age of 28 
days. 
 
Mix 
Test 
Specimen 
Name 
Mean Modulus of 
Elasticity (MPa) at 28 
days 
Standard 
Deviation 
Portland Cement XHT2 45457 9897 
50% raw fly ash, limewater 1  XHT3 61296 11328 
50% raw fly ash, limewater 2 XHT4 51947 12567 
50% raw fly ash, limewater 3 XHT5 67965 4284 
50% ultra-fine fly ash, limewater 1 XHC1 55417 19075 
65% raw fly ash, limewater 1 XHT7 66512 8653 
65% raw fly ash, limewater 2 XHT8 46617 19585 
65% raw fly ash, limewater 3 XHT6 60690 16216 
65% ultra-fine fly ash, limewater 3 XHC2 74868 3443 
80% raw fly ash, limewater 1 XHT9 15439 6635 
80% raw fly ash, limewater 2 XHT10 46561 1279 
80% raw fly ash, limewater 3 XHT11 50502 3070 
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Figure 7.14: Mean modulus of elasticity of concrete with standard deviation at the age of 28 
days. 
 
 
The modulus of elasticity results show that the concrete mix with 65% UFFA and limewater 3 
has the highest elastic modulus value, followed by 50% raw fly ash and limewater 3 and 65% 
raw fly ash and limewater 1. The concrete mix with 80% raw fly ash and limewater 1 produces 
the lowest modulus of elasticity among all the concrete mixes. Apart from the mix with 80% raw 
fly ash and limewater 1, all other concrete mixes have higher modulus of elasticity than the OPC 
concrete. Bouzoubaâ et al. (2001) revealed that high-volume raw fly ash concrete exhibits lower 
elastic modulus value when compared with high-volume fine fly ash concrete and OPC concrete. 
The results of the modulus of elasticity test demonstrate that using smaller particle sized fly ash 
and higher concentrations of limewater may offer higher modulus of elasticity. 
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The modulus of elasticity of concrete is typically a function of the stiffness of coarse aggregate 
and of the mortar/paste. The increased modulus of elasticity of HVFA concrete indicates that the 
HVFA paste has a higher modulus of elasticity. This may be due to the improved packing of 
particles as well as the reduction of weaker Ca(OH)2.  
 
 
7.6  Flexural Strength 
 
The flexural strength or modulus of rupture testing of the concrete mixes was conducted in line 
with the Australian Standard, AS 1012.11-2000, Methods of testing concrete - Determination of 
the modulus of rupture, using a compression testing machine with a loading rate of 1 ± 0.1 
MPa/minute at the concrete ages of 28 and 56 days. A simple beam with third-point loading was 
used for conducting the modulus of rupture test. The load was applied onto the specimen 
constantly until no load could be increased. For each test, three 100 × 100 × 350 mm concrete 
rectangular beams were used to determine the modulus of rupture for every mix. The average 
value obtained from the three specimens was determined as the modulus of rupture. The modulus 
of rupture for concrete can be calculated using the following equation, as given in AS 1012.11-
2000: 
 
 
 
where 
 
fcf  = modulus of rupture (MPa) 
P = maximum applied force indicated by the testing machine (kN) 
L = span length (mm) 
B = average width of the specimen at the section of failure (mm) 
D= average depth of specimen at the section of failure (mm) 
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The results for the mean flexural strength of concrete and standard deviation are shown in Table 
7.5. Figure 7.15 shows the mean flexural strength of concrete at the ages of 28 days and 56 days. 
The graph in Figure 7.15 shows that the flexural strengths of all the concrete mixes increase 
with concrete age, like the compressive strength. The results also indicate that the flexural 
strengths of all the HVFA concretes are lower than those of the control Portland cement concrete 
at all testing ages. 
 
 
Table 7.5: Mean flexural strength of concrete and standard deviation at the ages of 28 days 
and 56 days. 
 
  
Mean Flexural 
Strength (MPa) 
Standard 
Deviation 
Mix 
Test 
Specimen 
Name 28 days 56 days 28 days 56 days 
Portland Cement XHT2 7.7 9.0 0.35 0.30 
50% raw fly ash, limewater 1  XHT3 4.4 6.0 0.62 1.31 
50% raw fly ash, limewater 2 XHT4 6.8 8.4 0.26 0.25 
50% raw fly ash, limewater 3 XHT5 7.0 7.6 0.17 0.80 
50% ultra-fine fly ash, limewater 1 XHC1 7.1 8.5 0.67 0.12 
65% raw fly ash, limewater 1 XHT7 5.1 6.0 0.31 0.43 
65% raw fly ash, limewater 2 XHT8 2.8 4.5 0.28 0.27 
65% raw fly ash, limewater 3 XHT6 4.2 5.2 0.27 0.27 
65% ultra-fine fly ash, limewater 3 XHC2 6.0 6.8 0.44 0.47 
80% raw fly ash, limewater 1 XHT9 1.1 2.0 0.33 0.94 
80% raw fly ash, limewater 2 XHT10 3.4 4.0 0.11 0.13 
80% raw fly ash, limewater 3 XHT11 2.1 3.0 0.18 0.02 
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Figure 7.15: Flexural strength of concrete versus age (days). 
 
 
Of the HVFA concretes, the mix with 50% ultra-fine fly ash and limewater 1 has the highest 
flexural strength, followed by 50% raw fly ash and limewater 3, 50% raw fly ash and limewater 
2 and 65% ultra-fine fly ash and limewater 3. The mix with 50% raw fly ash and limewater 3 
concrete mix has slightly higher flexural strength than the mix with 50% raw fly ash and 
limewater 2 at 28 days, but lower flexural strength at 56 days. The mix with 80% raw fly ash and 
limewater 1 concrete mix produces the lowest flexural strength.  
 
The results show that higher concentration of limewater develops higher flexural strength of 
concrete. The results also reveal that the high-volume raw fly ash concrete has lower flexural 
strength when compared with high-volume UFFA concrete and OPC concrete. The use of UFFA 
as cement replacement increases the flexural strength of concrete when compared with the use of 
raw fly ash. Hazaree et al. (2006) and Solikin (2012) have also demonstrated that raw fly ash 
concrete has lower flexural strength than fine fly ash concrete and OPC concrete. The work of 
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Hazaree et al. (2006) showed that the contribution of the pozzolanic reaction of fine fly ash to 
flexural strength is higher than that of raw fly ash. Solikin (2012) has reported that the use of 
UFFA is the most important parameter in increasing the flexural strength of concrete. 
 
 
7.7  Drying Shrinkage 
 
The drying shrinkage testing was conducted according to the Australian Standard, AS 1012.13-
1992, Methods of testing concrete - Determination of the drying shrinkage of concrete for 
samples prepared in the field or in the laboratory. Test specimens used for the drying shrinkage 
tests were 75 × 75 × 280 mm prisms with gauge studs at both ends. A horizontal length 
comparator was used for the length measurements. The shrinkage measurements started on the 
seventh day after casting the concrete and were continued once a week for a short period. At 
least five consecutive determinations of within 0.001 mm of average measurement were made 
for every measurement for each sample. The mean of these five determinations was used to 
calculate the drying shrinkage in microstrain. Three prism specimens were measured for the 
drying shrinkage for each mix. The average value obtained from the three specimens of each mix 
was taken as the drying shrinkage of the concrete. 
 
During the drying shrinkage tests, the specimens were kept in a humidity chamber at 50% 
relative humidity at around 23
o
C. The results of all the drying shrinkage tests (in microstrain) of 
50%, 65% and 80% fly ash concrete are presented in Figure 7.16. In Figure 7.16, error bars 
showing the standard deviations of results are added to the 65% fly ash mix to demonstrate the 
variability of the results. Figures 7.17, 7.18 and Figure 7.19 show the results of the drying 
shrinkage tests of 50%, 65% and 80% fly ash concrete respectively. The age ‘zero’ in the graphs 
in Figures 7.16, 7.17, 7.18 and 7.19 represents seven days after casting the concrete specimens 
when the initial measurements were taken. All the results were compared with AS 3600 
shrinkage strain values. 
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Figure 7.16: Drying shrinkage (microstrain) versus age (days) of 50%, 65% and 80% fly ash concrete. The age ‘zero’ 
represents seven days after casting when the initial measurements were taken. 
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The drying shrinkage results of HVFA concrete depict an unusual erratic behaviour. A number 
of tests were repeated to establish the reasons for this, without success. New comparator 
equipment was purchased after this series of tests. To further understand the behaviour, three 
different types of mixes are separately compared in Figures 7.17-7.19.  
 
 
 
Figure 7.17: Drying shrinkage (microstrain) versus age (days) of 50% fly ash concrete. The 
age ‘zero’ represents seven days after casting when the initial measurements were taken. 
 
 
Figure 7.17 shows the graph of drying shrinkage versus age of 50% fly ash concrete compared 
with AS 3600 shrinkage strain values. From the results, it can be seen that all shrinkage values of 
the concrete mixes are lower than the AS 3600 shrinkage values, apart from the mix with 50% 
raw fly ash and limewater 1. The results also show that both the higher concentrations of 
limewater concrete, the limewater 2 and limewater 3 mixes, have similar early age shrinkage 
values lower than those for AS 3600 and limewater 1. The use of smaller particle sized fly ash, 
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UFFA, produces the lowest value of drying shrinkage strains with increased age of concrete 
when compared with other raw fly ash concrete specimens. 
 
 
 
Figure 7.18: Drying shrinkage (microstrain) versus age (days) of 65% fly ash concrete. The 
age ‘zero’ represents seven days after casting when the initial measurements were taken. 
 
 
Figure 7.18 presents the graph of drying shrinkage versus age of 65% fly ash concrete compared 
with AS 3600 shrinkage strain values. The results show that all the 65% fly ash concretes have 
lower shrinkage values than the AS 3600 shrinkage value, apart from the mix with 65% UFFA 
and limewater 3, which demonstrates a higher value of shrinkage strain with increased age of 
concrete. However, the mix with 65% raw fly ash and the highest concentration of limewater 3 
has the lowest shrinkage value with increased age of concrete of the raw fly ash concretes with 
different concentrations of limewater as mixing water. This verifies that higher concentrations of 
limewater as mixing water can produce lower values of drying shrinkage strain for concrete.  
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The fluctuating strains were a problem which could not be resolved. It was hypothesised that this 
problem may have been due to the movement of studs during the measurements. 
 
 
 
Figure 7.19: Drying shrinkage (microstrain) versus age (days) of 80% fly ash concrete. The 
age ‘zero’ represents seven days after casting when the initial measurements were taken. 
 
 
Figure 7.19 shows the graph of drying shrinkage versus age of 80% fly ash concrete compared 
with AS 3600 shrinkage strain values. For 80% fly ash concrete, only raw fly ash concretes with 
different concentrations of limewater mixes were cast and measured for the drying shrinkage test 
in the preliminary experimental work. It can be seen from the graph that most of the shrinkage 
values are lower than the AS 3600 shrinkage value. The graph also clearly shows that the 
concrete mix with 80% raw fly ash and the highest concentration of limewater 3 has the lowest 
shrinkage strain values. The limewater 1 concrete mix exhibits the highest shrinkage strain 
values of the 80% raw fly ash concretes.  
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In Chapter 9, where the optimum HVFA mix design is investigated for long-term properties, the 
results of drying shrinkage show a more consistent behaviour. 
 
 
7.8  Summary 
 
The compressive strengths of all the mixes increased with age. The higher the concentration of 
limewater, the higher the compressive strength of concrete. The results also showed that the use 
of smaller particle sized UFFA leads to higher compressive strength of concrete. The 
experimental results showed that increasing the temperature of the mixing water does not 
increase the concrete strength. 
 
The 50% fly ash concretes with limewater demonstrated the repeatability of the work presented 
by Solikin (2012). 
 
65% fly ash with limewater 3 is a good viable mix with strength properties better than an OPC 
mix with the same cementitious content. 
 
80% fly ash replacement did not work for the concentrations of limewater considered here. 
Analysis of the pozzolanic index and reaction in HVFA mixes demonstrated that a much larger 
quantity of lime is required to ensure activation of the fly ash in concrete. SEM analysis 
confirmed the improved pozzolanic reaction of UFFA. 
 
The elastic modulus of the HVFA mixes with 50% and 65% replacement showed superior values 
compared to OPC concrete. 
 
The flexural strengths of HVFA concrete were lower than those of OPC concrete at all testing 
ages. However, the flexural strength increased with the age of concrete. The use of UFFA as 
cement replacement and higher concentrations of lime in water led to higher flexural strength 
values. 
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Most of the drying shrinkage strain values of HVFA concrete were lower than the AS 3600 
shrinkage values apart from the mix with 50% raw fly ash and limewater 1 and 65% UFFA and 
limewater 3. Mixes with UFFA had the lowest values for drying shrinkage strains with increased 
age of concrete when compared with other raw fly ash concrete specimens. 
 
Furthermore, the concrete mix with 65% raw fly ash and the highest concentration of limewater 
3 produced the lowest shrinkage value with increased age of concrete among the 65% raw fly ash 
concretes with different concentrations of limewater as mixing water. The results verify that 
higher concentrations of limewater as mixing water can lead to lower values for the drying 
shrinkage strain of concrete.  
 
All the drying shrinkage test results for this stage of the experimental work showed erratic 
behaviour. The tests should be repeated and measured for longer periods to ascertain whether 
this is a procedural issue or an indication of the behaviour of the material. 
 
Preliminary Stage one experimental results of different mixes have demonstrated that reducing 
the particle size and adding higher concentrations of limewater can assist in developing HVFA 
concrete mixes with the potential to offer similar mechanical properties to those of OPC 
concrete. Within the parameters of the investigation, 80% replacement of cement by fly ash was 
observed to be not possible. The study has demonstrated that the replacement of cement with fly 
ash at a level of 65% is possible without an accompanying reduction in strength or rate of 
strength development. UFFA with higher concentrations of limewater appears to offer the best 
performance in terms of short-term properties of concrete. 65% fly ash concrete with limewater 3 
was chosen as the optimum mix proportion to be tested for long-term properties. Further work is 
needed to explore the mechanism of strength development and longer-term properties such as 
creep and shrinkage of concrete with the optimum mix proportions. The next chapter presents the 
results of the short-term properties of 65% HVFA concrete with limewater 3 as mixing water.  
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CHAPTER 8 
 
 
SHORT-TERM PROPERTIES OF OPTIMUM HIGH-
VOLUME FLY ASH CONCRETE WITH 65% CEMENT 
REPLACEMENT WITH FLY ASH 
 
 
8.1  Introduction 
 
 
65% fly ash concrete with limewater 3 as mixing water was selected as the optimum mix 
proportion, based on the conclusions of the previous chapter. This chapter presents further 
testing of the short-term properties of 65% raw fly ash and 65% UFFA concrete mixes with 
limewater 3 as mixing water, which is Stage two of the experimental phase of this research. All 
the results of HVFA concrete were compared with those for an equivalent OPC concrete mix.  
 
 
8.2  Experimental Program 
 
Stage two of experimental work aimed to repeat the selected optimised mix designs from Stage 
one. For the selected mix design, compressive strength, modulus of elasticity, indirect tensile 
strength, modulus of rupture, creep and drying shrinkage of HVFA concrete were tested to 
understand the mechanism of strength gain. These are the basic properties required for structural 
design of HVFA concrete. The purpose of this set of experiments was to determine the 
relationships between normal concrete and HVFA concrete. The long-term properties of concrete 
based on drying shrinkage tests and creep tests are discussed in Chapter 9. 
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Table 8.1 shows the mix proportions of OPC concrete, 65% raw fly ash concrete and 65% UFFA 
concrete in the Stage two experimental work. The mass of each component of a mix is given in 
terms of kilograms per cubic metre of concrete. The total binder of the mix proportion was 450 
kg/m
3
 with a water binder (w/b) ratio of 0.30-0.31. Limewater 3 in Table 8.1 was produced by 
mixing 12 g of hydrated lime powders in 1 litre of tap water and used as mixing water in HVFA 
concrete, whereas tap water was used in the OPC concrete. The details of the materials used, 
methods of manufacturing and curing concrete specimens and the equipment utilised were 
presented in Chapter 6. 
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Table 8.1: Mix proportions of OPC concrete, 65% raw fly ash concrete and 65% ultra-fine fly ash concrete in Stage two 
experimental work. 
 
Mix 
Test 
Specimen 
Name 
Raw 
fly ash 
(kg/m
3
) 
Ultra-
fine fly 
ash 
(kg/m
3
) 
Cement 
(kg/m
3
) 
Water 
(kg/m
3
) 
Water 
binder 
(w/b) 
ratio 
Fine 
aggregate 
(kg/m
3
) 
Coarse 
aggregate 
(kg/m
3
) 
Superplas
-ticiser 
(litre/m
3
) 
OPC XHT2D3X - - 450 137 0.30 912 994 13.9 
65% raw fly ash, limewater 3 XHT13b 292.5 - 157.5 135.2 0.30 658.0 993.0 10.3 
65% raw fly ash, limewater 3 XHT13c 292.5 - 157.5 135.2 0.30 658.0 993.0 10.3 
65% ultra-fine fly ash, 
limewater 3 
XHC5b - 292.5 157.5 137.6 0.31 672.8 993.0 7.0 
65% ultra-fine fly ash, 
limewater 3 
XHUc - 292.5 157.5 137.6 0.31 672.8 993.0 7.0 
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8.2.1  Replicability 
 
Stage two of the experiments revealed another major challenge, the issue of the replicability of 
the HVFA concrete mixes. Trials were conducted to discover the reason why the HVFA concrete 
mixes could be replicated. Four mixes of OPC concrete, four mixes of 65% raw fly ash concrete 
and one of 65% UFFA concrete were cast and tested as shown in Table 8.2. The average 
compressive strengths of these mixes are presented in Table 8.2. 
 
 
Table 8.2: Trial mix proportions of OPC concrete, 65% raw fly ash concrete and 65% 
ultra-fine fly ash concrete of the replicability study. 
 
  
Average compressive strength 
(MPa) 
Mix 
Test Specimen 
Name 7 days 28 days 56 days 
65% raw fly ash, limewater 3 XHT12 Unsuccessful 
65% raw fly ash, limewater 3 XHT12A 0.4 Unsuccessful 
65% raw fly ash, limewater 3 XHT12B 9.6 20.7 - 
OPC-B XHT2B 19.4 - - 
OPC-C XHT2C 33.2 41.6 - 
OPC-D XHT2D 46.8 55.5 45.6 
65% raw fly ash, limewater 3 XHT13 19.8 35.1 39.6 
OPC-D3 XHT2D3 34.8 - - 
65% ultra-fine fly ash, limewater 3 XHC5 21.8 35.2 35.3 
 
 
Replicated mixes did not produce the same results as the mixes in Stage one. This issue was 
attributed to the changes in particle size distribution of the coarse and fine aggregates that 
affected the workability of concrete. Both the coarse and fine aggregates were from different 
batches, although from the same source. HVFA concrete is highly sensitive to the type and size 
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of both the coarse and fine aggregates. Careful quality control should be exercised over the type 
and size of coarse and fine aggregates in making HVFA mixes. 
 
Whilst the coarse aggregate was sourced from the same supplier “Mawsons”, it was noted that 
the grading curves and water absorption of the two aggregate supplies were different. Subsequent 
investigations revealed that the difference in grading of aggregate is affecting the workability of 
the repeated concrete mixes. Benchmarking against the control mix indicated that the difference 
is common to both the OPC and HVFA mixes. Since all the other ingredients are the same, the 
issue of workability was attributed to the difference in the source of coarse aggregate. 
 
The mix design of Stage one experimental work using the method proposed by Aïtcin (2004) for 
the mix design of high-performance concrete was revised for preparing the mix design of Stage 
two of the study (Aïtcin, 2004; Solikin, 2012). Details of the mix design for HVFA concrete in 
Stage two of the study are shown in Appendix A. The experiments and tests were repeated for 
Stage two. 
 
 
8.2.2  Slump Test Results 
 
Slump testing of the concrete mixes was conducted according to the AS1012.3.1-2010 Methods 
of testing concrete - Method 3.1: Determination of properties related to the consistency of 
concrete - Slump test. A cone mould 300 mm in height and 100 mm diameter at the top and 200 
mm diameter at the bottom was utilised for the slump test measurement. The slump was 
measured immediately after the cone was lifted from the pouring mix and determined by the 
difference between the height of the mould and the average height of the top surface of the 
collapsed concrete. Table 8.3 shows the results of slump testing in Stage two. 
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Table 8.3: Results of slump test of Stage two experimental work. 
 
  
Slump 
Mix Test Specimen Name (mm) 
OPC XHT2D3X 110 
65% raw fly ash, limewater 3-b XHT13b 50 
65% raw fly ash, limewater 3-c XHT13c 30 
65% ultra-fine fly ash, limewater 3-b XHC5b 65 
65% ultra-fine fly ash, limewater 3-c XHUc 70 
 
 
The slumps of the concrete mixes of this stage of experimental work have values ranging from 
30 mm to 110 mm, as shown in Table 8.3. The slumps of normal class concrete range from 40 
mm to 120 mm. The results of slump are acceptable, but more varied than the slump results of 
the previous stage of the study. The OPC concrete mix shows slump of a high workability mix at 
110 mm. Of the HVFA concrete mixes, raw fly ash concretes show slumps of 30 mm and 50 mm 
while UFFA concretes show slumps of 65 mm and 70 mm. Slump of between 50 mm to 100 mm 
shows that the mix has medium workability, while slump of between 25 mm to 50 mm shows 
that the mix has low workability.  
 
The differences between the OPC concrete and HVFA concrete are the mixing water and the 
particle size in the cementitious materials. Generally, fly ash concretes are observed to have 
higher workability. The mixes reported here show a reduction of workability. 
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8.3  Compressive Strength 
 
Three 100 × 200 mm concrete cylinders were tested for compressive strength test at the ages of 
7, 28 and 56 days after casting, according to the test procedures given in Australian Standards, 
AS 1012.9-1999, Methods of testing concrete - Determination of the compressive strength of 
concrete specimens. The top surface of each cylinder was cut using a wet cutting machine to 
obtain an even surface. The cylinders were cured in a water curing tank at 23
o
C until the test day. 
An MTS hydraulic compression testing machine was used to test the compressive strength of the 
concrete. The tests were conducted with a loading rate of 157 kN/minute until no additional load 
could be applied. The compressive strength was calculated by dividing the maximum load to 
failure by the average cross-sectional area (AS 1012.9, 1999). All the average results of the 
compressive strength of three concrete cylinders at 7, 28 and 56 days for OPC concrete, 65% raw 
fly ash concrete and 65% UFFA concrete are shown in Table 8.4 and Figure 8.1. The standard 
deviation of each mix is also presented in Table 8.4. 
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Table 8.4: Compressive strength and standard deviation of OPC concrete and HVFA (65%) concrete versus age (days). 
  
Compressive strength 
(MPa) at 7 days 
Compressive strength 
(MPa) at 28 days 
Compressive strength 
(MPa) at 56 days 
Average 
compressive 
strength (MPa) Standard deviation 
Mix 
Test 
Specimen 
Name 
1st 
sample 
2nd 
sample 
3rd 
sample 
1st 
sample 
2nd 
sample 
3rd 
sample 
1st 
sample 
2nd 
sample 
3rd 
sample 
7 
days 
28 
days 
56 
days 
7 
days 
28 
days 
56 
days 
OPC XHT2D3X 42.12 37.95 46.44 44.26 48.00 51.71 58.60 54.78 53.60 42.2 48 55.7 4.25 3.73 2.62 
65% raw 
fly ash, 
limewater 
3-b XHT13b 18.11 17.59 18.73 30.98 36.42 28.75 48.63 45.62 49.96 18.1 32.1 48.1 0.58 3.94 2.22 
65% raw 
fly ash, 
limewater 
3-c XHT13c 24.26 26.74 22.09 32.31 61.28 43.94 52.25 43.29 60.76 24.4 45.9 52.1 2.33 14.58 8.74 
65% 
ultra-fine 
fly ash, 
limewater 
3-b XHC5b 22.45 21.41 22.28 36.89 31.60 37.60 40.85 40.25 39.80 22.1 35.4 40.3 0.56 3.28 0.53 
65% 
ultra-fine 
fly ash, 
limewater 
3-c XHUc 24.36 24.78 20.58 30.61 26.30 26.93 56.94 36.79 46.97 23.2 27.9 46.9 2.31 2.33 10.07 
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Figure 8.1: Compressive strength of OPC concrete and HVFA (65%) concrete versus age 
(days). 
 
 
All the HVFA concretes had limewater 3 as mixing water while the OPC concrete used tap water. 
Figure 8.1 shows that the compressive strengths of all the mixes increase with age. All the 
HVFA concretes demonstrate lower compressive strength than OPC concrete at all testing ages. 
However, the compressive strength of HVFA concrete is quite high, at over 40 MPa at 56 days.  
 
For the HVFA concretes, the use of raw fly ash and UFFA in concrete mixes does not show 
much difference from the compressive strength results. Raw fly ash concrete has slightly higher 
compressive strength than the UFFA concrete at a later age. However, one of the raw fly ash 
concretes shows the lowest compressive strength at 7 days. The other raw fly ash concrete mix 
with 65% raw fly ash shows a significant increase in the compressive strength between the age of 
7 days and 28 days and has comparable strengths to those of the OPC conrete mix at 28 days and 
56 days. 
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The compressive strength results of the Stage two experiments do not confirm the outcomes of 
the first series of results. The underlying reasons were identified as the changes in particle size 
distribution of both the coarse and fine aggregates that affected the workability of concrete. 
Mixing large quantities in a mixer and the mix compaction may also have been issue. This 
highlights the need for careful quality control in HVFA mixes with limewater as mixing water. 
 
 
8.4  Modulus of Elasticity 
 
8.4.1  Modulus of Elasticity by compressometer 
 
The modulus of elasticity or elastic modulus testing was conducted using a compressometer 
following the testing procedures in accordance with the Australian Standard AS 1012.17-1997, 
Methods of testing concrete - Determination of the static modulus of elasticity and Poisson’s 
ratio of concrete specimens. The test results were determined using a compression testing 
machine with a loading rate of 15 ± 2 MPa/minute at concrete ages of 28 and 90 days. The test 
load was taken as equivalent to 40% of the average compressive strength of three concrete 
cylinders that were tested in accordance with AS 1012.9 on the same day as the modulus of 
elasticity test. Three 100 × 200 mm concrete cylinders were used as testing specimens for each 
modulus of elasticity test. Each specimen was loaded at least three times continuously to obtain 
the average value of the moduli obtained from the second and successive loadings for calculating 
the modulus of elasticity. The average value obtained from the three concrete cylinders of each 
mix was determined as the modulus of elasticity. The results for modulus of elasticity of concrete 
measured using the compressometer are shown in Table 8.5 and Figure 8.2.  
 
 
8.4.2  Modulus of Elasticity by strain gauge 
 
Laboratory measurements of modulus of elasticity are sensitive to the method of measurement. 
Therefore, a subsidiary investigation was conducted to ascertain the accuracy of the testing 
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methods. Two strain gauges were attached to each concrete specimen to collect data to determine 
the modulus of elasticity. An MTS hydraulic compression testing machine was used to operate 
the modulus of elasticity test by strain gauge according to the Australian Standard AS 1012.17-
1997, Methods of testing concrete - Determination of the static modulus of elasticity and 
Poisson’s ratio of concrete specimens. Three specimens were used to determine the modulus of 
elasticity for each concrete mix. The tests were conducted with a continuous loading rate of 15 ± 
2 MPa/minute applied constantly to the concrete specimens until no increase in force could be 
continued. The load and strain values were taken using a data logger and used to plot stress/strain 
curves and calculate the modulus of elasticity. The average value obtained from the three 
concrete cylinders of the same mix was taken as the modulus of elasticity. The results for 
modulus of elasticity of concrete using strain gauges are shown in Table 8.5 and Figure 8.2 for 
comparison with the results for modulus of elasticity using the compressometer. 
 
 
Table 8.5: Modulus of elasticity of concrete by compressometer and strain gauge at the 
ages of 28 days and 90 days. 
 
  
Elastic Modulus (MPa) 
  
Compressometer Strain gauge 
Mix 
Test 
Specimen 
Name 28 days  90 days 
28 
days  
90 
days 
OPC XHT2D3X 59595 68434 47103 67629 
65% raw fly ash, limewater 3-b XHT13b 47841 68972 51677 64304 
65% ultra-fine fly ash, limewater 3-b XHC5b 70979 77532 44482 51144 
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Figure 8.2: Modulus of elasticity of concrete at the ages of 28 days and 90 days. 
 
 
The results of modulus of elasticity for two OPC concrete mixes, two raw fly ash concrete mixes 
and two UFFA concrete mixes were derived from two different methods. All values of modulus 
of elasticity increased with age, as with the compressive strength. The results for modulus of 
elasticity using the compressometer show that the UFFA concrete mix has the highest elastic 
modulus. Raw fly ash concrete shows lower elastic modulus than OPC concrete at 28 days, but 
slightly higher elastic modulus at 90 days. All the elastic modulus values of raw fly ash concrete 
are close to those of OPC concrete. The results of the modulus of elasticity test demonstrate that 
the use of smaller particle sized fly ash may produce a higher modulus of elasticity. 
 
For the modulus of elasticity using strain gauges, UFFA concrete presents the lowest value. This 
may be due to experimental error or human error while conducting the test. Raw fly ash concrete 
has a higher modulus of elasticity than OPC concrete at 28 days, but lower modulus of elasticity 
at 90 days. The values of elastic modulus of raw fly ash concrete are close to those of OPC 
concrete.  
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Based on the results of elastic modulus by compressometer and strain gauge, HVFA concrete 
shows superior elastic moduli when compared with OPC concrete. 
 
 
 
Figure 8.3: Modulus of elasticity versus compressive strength of concrete.  
 
 
Figure 8.3 shows modulus of elasticity versus compressive strength of concrete. All the modulus 
of elasticity results of this research work are compared with the Australian Standard values. The 
elastic modulus values predicted by the Australian Standards were calculated using the following 
equation: 
 
Ec  =  
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where  
ρ  is the density of concrete 
fcmi is the in situ compressive strength 
 
 
From the graph, it can be seen that most of the modulus of elasticity values the compressive 
strength and are much higher than the values predicted by the Australian Standard. The higher 
values of elastic modulus presented are mostly for mixes with 65% UFFA and limewater 3 from 
different batches.  
 
 
8.5  Flexural Strength 
 
The flexural strength or modulus of rupture testing of the concrete was conducted according to 
the Australian Standard, AS 1012.11-2000, Methods of testing concrete - Determination of the 
modulus of rupture, using a compression testing machine with a loading rate of 1 ± 0.1 
MPa/minute at the concrete ages of 28 and 90 days. A simple beam with third-point loading was 
set up for the modulus of rupture test. The load was applied to the specimen constantly until no 
load could be increased. For each test, three 100 × 100 × 350 mm concrete rectangular beams 
were used to determine the modulus of rupture for every mix. The average value obtained from 
the three specimens was determined as the modulus of rupture. The modulus of rupture for 
concrete can be calculated using the equation given in AS 1012.11. The results for the flexural 
strength of concrete are presented in Table 8.6 and Figure 8.4.  
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Table 8.6: Flexural strength of concrete at the ages of 28 days and 90 days. 
 
  
Flexural Strength (MPa) 
Mix 
Test Specimen 
Name 28 days 90 days 
OPC XHT2D3X 6.3 6.9 
65% raw fly ash, limewater 3-c XHT13c 5.3 6.3 
65% ultra-fine fly ash, limewater 3-c XHUc 5.1 6.9 
 
 
 
Figure 8.4: Flexural strength of concrete at the ages of 28 days and 90 days. 
 
 
The results show that the flexural strengths of all the concrete mixes increase with concrete age, 
similar to the compressive strength. The flexural strengths of all the HVFA concrete are 
relatively close to those of OPC concrete. HVFA concrete has similar flexural strength to OPC 
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concrete at the age of 90 days. The UFFA concrete mix shows a significant increase in flexural 
strength between 28 days and 90 days, although it has the lowest flexural strength at 28 days.  
 
 
 
Figure 8.5: Flexural strength versus compressive strength of concrete. 
 
 
Figure 8.5 shows the flexural strength versus the compressive strength of concrete. All the 
flexural strength results of this research work were compared with the expression given in the 
Australian Standards: 
 
 
 
where     
f’c   is the characteristic compressive strength of concrete at 28 days 
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From the graph, it can be seen that most of the flexural strengths satisfy the standard and are 
much higher than the Australian Standard value. Only a few 80% fly ash concrete mixes show 
low flexural strength with low compressive strength. On the other hand, the concrete mix with 
65% UFFA and limewater 3 shows very high flexural strength compared to the AS 3600 values.  
 
 
8.6  Indirect Tensile Strength 
 
Indirect tensile strength testing of the concrete was conducted in accordance with the Australian 
Standard, AS 1012.10-2000, Methods of testing concrete - Determination of indirect tensile 
strength of concrete cylinders (‘Brazil’ or splitting test), using a compression testing machine 
with a constant rate of 1.5 ± 0.15 MPa/minute indirect tensile stress. The force was applied 
continuously to the test specimens until no force could be maintained. 150 × 300 mm concrete 
cylinders were used as test specimens for this indirect tensile strength test. After casting the 
specimens in the mould, the specimens were demoulded on the third day and cured in a water 
tank until the day of testing. For each test, three specimens were utilised to determine the indirect 
tensile strength for every mix at the ages of 28 and 90 days. The mean value obtained from the 
three specimens was calculated as the indirect tensile strength. Table 8.7 and Figure 8.6 show 
the indirect tensile strength test results.  
 
 
Table 8.7: Indirect tensile strength of concrete at the ages of 28 days and 90 days. 
 
  
Indirect Tensile 
Strength (MPa) 
Mix Test Specimen Name 28 days 90 days 
OPC XHT2D3X 3.7 3.4 
65% raw fly ash, limewater 3-c XHT13c 2.9 4.4 
65% ultra-fine fly ash, limewater 3-c XHUc 3.4 4.0 
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Figure 8.6: Indirect tensile strength of concrete at the ages of 28 days and 90 days. 
 
 
The test results show that the HVFA concrete has superior tensile strength compared with OPC 
concrete. The OPC concrete shows a slight decrease in tensile strength at 90 days compared with 
28 days, while both the HVFA concretes show increases in tensile strength with age. Both the 
tensile strengths of HVFA concrete are slightly lower than the tensile strength of OPC concrete 
at 28 days, but the tensile strength at 90 days are higher. For HVFA concrete, UFFA concrete 
shows higher tensile strength than raw fly ash concrete at 28 days, but slightly lower tensile 
strength at 90 days. This result shows the contribution of the smaller particle size of fly ash in 
increasing the tensile strength at earlier ages of concrete. 
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Figure 8.7: Indirect tensile strength versus compressive strength of concrete. 
 
 
Figure 8.7 shows the indirect tensile strength versus compressive strength of concrete. All the 
tensile strength results are compared with the values predicted by the Australian Standard. The 
tensile strength values predicted by the Australian Standard were calculated using the equation 
below: 
 
 
 
The graph demonstrates that all the tensile strengths in the experimental study satisfy the 
standard and are higher than the Australian Standard value. HVFA concrete shows high tensile 
strength with low compressive strength when compared with OPC concrete. The graph shows 
that both the UFFA concrete mixes achieve a similar high tensile strength to OPC concrete with 
low compressive strength.  
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8.7   Summary  
 
Stage two of the experimental study tested the optimised mix with 65% fly ash using limewater 3 
and two types of fly ash: raw fly ash and UFFA. 
 
The replicability of the Stage one experiments was identified as a challenge. The underlying 
reasons were discovered to be the changes in type and size of aggregates, which affected the 
workability of the concrete. HVFA concrete is highly sensitive to the type and size of both the 
coarse and fine aggregates. Therefore, once a mix design is finalised, careful attention should be 
given to the type and size of the coarse and fine aggregates. 
 
The slumps of the concrete mixes in this stage of the experimental study had values ranging from 
30 mm to 110 mm. The results of slump are acceptable, but more varied than the slump results of 
the Stage one study. The HVFA concrete mixes had low to medium workability. Raw fly ash 
concrete showed slumps of 30 mm and 50 mm whereas UFFA concrete showed slumps of 65 
mm and 70 mm. Tap water and limewater were used to make the OPC concrete and HVFA 
concrete respectively. Early pozzolanic reaction in the presence of limewater may have affected 
the workability. 
 
The compressive strengths of all the concretes increased with age. All the HVFA concretes 
demonstrated lower compressive strength than OPC concrete at all testing ages. However, the 
compressive strength of HVFA concrete was still quite high at over 40 MPa at 28 days. The use 
of raw fly ash and UFFA in the concrete mixes did not produce much difference in the 
compressive strength results.  
 
Laboratory measurements of modulus of elasticity are sensitive to the method of measurement. 
Therefore, an additional investigation was conducted to determine the accuracy of the testing 
methods. Two methods, compressometer and strain gauge, were used to measure the modulus of 
elasticity of the concrete. All values of modulus of elasticity increased with age, similar to the 
compressive strength. The results of both the methods showed similar results, apart from those 
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for UFFA concrete. The modulus of elasticity by compressometer results showed that UFFA 
concrete has the highest elastic modulus value. The use of UFFA led to higher modulus of 
elasticity of concrete. However, this result is different from the results using strain gauges. For 
modulus of elasticity using strain gauges, UFFA concrete presented the lowest modulus of 
elasticity. It is noted that variability of modulus of elasticity has also been noted by other 
researchers, with as high as ± 20% variability mentioned in AS 3600.  
 
From both the results of elastic modulus by compressometer and strain gauge, HVFA concrete 
showed superior elastic moduli when compared with OPC concrete. All the modulus of elasticity 
results in this research study were compared with those predicted in the Australian Standards 
(AS 3600, 2009). Most of the modulus of elasticity values are much higher than those predicted 
by the Australian Standards. The results of the modulus of elasticity test demonstrated that using 
a smaller particle size of fly ash could offer higher modulus of elasticity. 
 
Furthermore, the results showed that the flexural strengths of all the concretes increased with 
concrete age, similar to the compressive strength. The flexural strengths of all the HVFA 
concretes were relatively close to those of the OPC concrete. The use of UFFA did not show 
much difference in flexural strength compared to the use of raw fly ash in Stage two of the study.  
 
All the flexural strength results of this research work were compared with those predicted in the 
Australian Standards (AS 3600, 2009). The flexural strengths of HVFA concrete are much 
higher than the values predicted by AS 3600. The concrete mix with 65% ultra-fine fly ash and 
limewater 3 showed very high flexural strengths. The use of UFFA as cement replacement leads 
to higher flexural strength of concrete when compared with the use of raw fly ash. 
 
Moreover, the test results showed that HVFA concrete has superior tensile strength compared to 
OPC concrete, especially at later ages. Both the HVFA concretes showed increases in tensile 
strength with age. The use of UFFA did not show much difference in tensile strength with the 
use of raw fly ash. However, the use of smaller particle sized fly ash could increase the tensile 
strength at earlier ages of concrete. All the tensile strength results were compared with those 
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predicted in the Australian Standards (AS 3600, 2009). The HVFA concretes achieved high 
tensile strength similar to that of OPC concrete.  
 
The results of Stage two of the study revealed that HVFA concrete with 65% of cement replaced 
with either raw fly ash or UFFA can be produced using normal production processes. These 
concretes have good short-term mechanical properties comparable or superior to equivalent OPC 
concrete. The next chapter presents the long-term properties, creep and drying shrinkage, of 65% 
HVFA concrete with limewater 3 as mixing water.  
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CHAPTER 9 
 
 
CREEP AND DRYING SHRINKAGE OF FLY ASH (65% 
REPLACEMENT) CONCRETE  
 
 
9.1  Introduction 
 
 
This chapter presents the results of the experimental study conducted to ascertain the long-term 
properties of high-volume fly ash (HVFA) concrete. Long-term properties such as creep and 
shrinkage are important to ensure that the long-term performance of concrete is acceptable. They 
are especially important in controlling long-term deflections. An experimental study was 
conducted on the optimised mixes with 65% fly ash (both raw and ultra-fine). The experiments 
were conducted based on the relevant sections of AS 1012, and the results were compared with 
those of published models for creep and shrinkage. 
 
 
9.2  Creep 
 
The creep tests were conducted according to the Australian Standard, AS 1012.16-1996, 
Methods of testing concrete - Determination of creep of concrete cylinders in compression. The 
creep behaviour of concrete was studied for OPC, raw fly ash and UFFA. The details of these 
mixes for both the creep and drying shrinkage tests are given in Table 9.1. 100 mm x 200 mm 
cylinders were used as test specimens for the creep tests. Three cylinders were loaded and used 
for measuring the creep while the other two cylinders without any loading were used as controls. 
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The compressive strengths of three concrete cylinders of the same mix were tested on the same 
day that the creep specimens were loaded to determine the applied load on the test specimens. 
The load was 40% of the average compressive strength obtained and was sustained for the period 
of the test. The creep test was conducted in a humidity chamber at 50% relative humidity and at 
about 23
o
C over a period of one year. 
 
Strain gauges were attached to the concrete test specimens to measure the strain data two weeks 
before loading the specimens into a creep rig at the age of 28 days. After the initial loading, the 
strain values were measured at 2 hours, 6 hours, then once daily for the first week, then once a 
week for one month and then once a month for one year.  
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Table 9.1: Mix proportions of OPC concrete, 65% raw fly ash concrete and 65% ultra-fine fly ash concrete for creep and 
drying shrinkage tests. 
 
Mix 
Test 
Specimen 
Name 
Raw 
fly ash 
(kg/m
3
) 
Ultra- 
fine fly 
ash 
(kg/m
3
) 
Cement 
(kg/m
3
) 
Water 
(kg/m
3
) 
Water 
binder 
(w/b) 
ratio 
Fine 
aggregate 
(kg/m
3
) 
Coarse 
aggregate 
(kg/m
3
) 
Superplasticiser 
(litre/m
3
) 
OPC XHT2D2 - - 450 137 0.30 912 994 13.9 
65% raw fly ash, limewater 3 XHT13c 292.5 - 157.5 135.2 0.30 658.0 993.0 10.3 
65% ultra-fine fly ash, 
limewater 3 
XHC5b - 292.5 157.5 137.6 0.31 672.8 993.0 7.0 
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9.2.1  Creep Results 
 
The creep strain was measured on the specimens in the creep test rig for over the period of one 
year. Table 9.2 shows the average compressive strength of concrete specimens for creep and 
drying shrinkage tests at the ages of 7, 28 and 56 days. The results of the creep test for three 
types of concrete compared with AS 3600 predicted values are presented in Figure 9.1. Figures 
9.2, 9.3 and 9.4 show comparisons of measured creep results with AS 3600 predicted values for 
OPC concrete, raw fly ash concrete and UFFA concrete respectively.  
 
 
Table 9.2: Average compressive strength of OPC concrete and 65% HVFA concrete. 
 
  
Average compressive 
strength (MPa) 
Mix 
Test Specimen 
Name 7 days 28 days 56 days 
OPC XHT2D2 45.2 61.7 66 
65% raw fly ash, limewater 3 XHT13c 24.4 45.9 52.1 
65% ultra-fine fly ash, limewater 3 XHC5b 22.1 35.4 40.3 
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Figure 9.1: Creep results of OPC concrete and HVFA (65%) concrete versus age (days) of 
concrete compared with AS 3600 predicted values. 
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Figure 9.2: Comparison of measured creep results with AS 3600 predicted values for OPC 
concrete versus age (days). 
 
 
Figure 9.3: Comparison of measured creep results with AS 3600 predicted values for raw 
fly ash concrete versus age (days). 
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Figure 9.4: Comparison of measured creep results with AS 3600 predicted values for ultra-
fine fly ash (UFFA) concrete versus age (days). 
 
 
The creep test results in Figure 9.1 show that the OPC concrete has the highest creep strain 
values. Both the HVFA concretes have much lower creep values than OPC concrete. Both the 
raw fly ash concrete and UFFA concrete have similar creep results, but the UFFA concrete 
shows slightly lower creep strains than the raw fly ash concrete at later ages. All the three types 
of concrete demonstrate a faster development in creep strain at early ages than at later ages.  
 
Predictions of the creep model given in AS 3600 (2013) were compared with the experimental 
values. The results show that HVFA concrete has much lower deformations than OPC concrete. 
Both Figure 9.3 and Figure 9.4 show that the 65% HVFA concrete has about 50% lower creep 
than the predicted values of AS 3600. The lower creep results of 65% HVFA concrete show that 
long-term deflections could be reduced in concrete structures. 
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9.2.2  Comparison of Creep Test Results with Predictions of different Models 
 
The eight models below were used to predict and compare the creep coefficients. The 
comparisons of the experimental results of three types of concrete with the values predicted by 
different models are presented in Figure 9.6. The details of the eight models used in calculating 
the creep coefficients are as follows: 
 
 
a) AS 3600 Model 
b) Eurocode 2 Model 
c) BS 8110 Model 
d) ACI-209 Model 
e) CEB-FIP Model 
f) B3 Model 
g) Muller Model 
h) GL 2000 Model 
 
 
a) AS 3600 Model 
 
AS 3600 is the national standard for Australia and it was developed by Standards Australia 
Committee BD-002 (AS 3600, 2009). Table 9.3 shows the basic creep coefficient value based on 
the characteristic strength of concrete. The creep coefficient calculations for AS 3600 models are 
as follows: 
 
          (9.1) 
         (9.2) 
 
where 
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Table 9.3: Basic creep coefficient (AS 3600, 2009). 
 
f’c (characteristic strength, MPa) 20 25 32 40 50 65 80 100 
(basic creep coefficient) 5.2 4.2 3.4 2.8 2.4 2.0 1.7 1.5 
 
 
=            (9.3)       
          (9.4) 
  =         (9.5) 
  = (0.7 arid environment, 0.65 interior environment, 0.6 temperate inland environment, 0.5 
tropical or near coastal environment) 
  = 0.7/(          (9.6) 
  = 1.0 when    50 MPa   
      =  ( 2.0 -  ) -0.02( 1.0 - )   when  50MPa <  100 MPa  (9.7) 
      
where 
 is the theoretical thickness 
 is the basic creep coefficient depending on the compressive strength of concrete 
 is age of the concrete at the time of loading (in days) 
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b) Eurocode 2 Model 
 
Eurocode 2 was prepared by the European Committee for Standardization (CEN) and it is the 
national standard for some European countries (Eurocode 2-Part 1, 2004; Eurocode 2-Part 2, 
2005). The code also presents a model for the prediction of creep. It is restricted to ordinary 
concrete structures at relative humidities varying from 40% to 100% and mean temperatures 
from 10°C to 20°C. 
 
        (9.8) 
        (9.9)  
         (9.10) 
         (9.11) 
        (9.12) 
 = 2A/           (9.13) 
      (9.14)  
     (9.15) 
 
where 
 is the compressive strength at 28 days 
RH is relative humidity in percentage 
 is the calculated creep coefficient at a given age 
 is the age of concrete at loading days 
t  is the age of concrete in days 
 is the hypothetical thickness 
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c) BS 8110 Model 
 
BS 8110 is the national standard for the UK and it is also used in some Commonwealth countries 
(BS 8110-Part 2, 1985). The standard provides a model for the prediction of creep. It is restricted 
to normal and high-strength concrete at ambient humidities varying from 20% to 100%. 
 
 
 
Figure 9.5: Effects of relative humidity, age of loading and section thickness on 30-year 
creep coefficient (BS 8110-Part 2, 1985). 
 
The code states that 40%, 60% and 80% of final creep develops during the first month, 6 months 
and 30 months (BS 8110-Part 2, 1985). BS 8110 focuses more on humidity and age of loading 
and neglects some of the parameters. 
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d) ACI-209 R-92 Model 
 
This model was originally developed by Branson and Christianson (1971) and it was modified by 
ACI Committee 209 (ACI 209.2R-08, 2008; ACI 209R-92, 1997). This model is restricted to 
normal and high-strength cement at relative humidities from 40% to 100%. 
 
        (9.16) 
         (9.17) 
 
where 
 is the age of concrete in days 
 is the age of concrete at loading days  
 is assumed to be 2.35, which is the average value proposed for ultimate creep coefficient. 
 is the calculated creep coefficient at a given age 
 is volume-to-surface ratio. 
 
 
 
 207 
 
e) CEB-FIP Model Code 1990 
 
The model was developed by CEB and FIP and it is restricted to ordinary structures and 
concretes of strengths varying from 12 MPa to 80 MPa, humidities of 40% to 100% and mean 
temperatures of 5°C to 30°C (CEB-FIP Model Code 1990, 1993). 
 
   (9.18) 
     (9.19) 
 
where 
 is the calculated creep coefficient at a given age 
 is the cross-section area in mm
2
 
 is the age of concrete in days 
 is the age of concrete at loading days 
  is relative humidity in decimal 
 is the compressive strength at 28 days in MPa 
 is the calculated creep coefficient at a given age  
µ is the perimeter of concrete cross-section, having an area of Ac 
 
 
 
f) B3 Model 
 
The B3 Model is an improved version of the BP model (Bazant and Panula, 1978) and the BP-
KX model (Bazant et al., 1992). The model is restricted to Portland cement of strengths varying 
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from 17 to 70 MPa, w/c ratios from 0.30 to 0.85, a/c ratios from 2.5 to 13.5 and cement contents 
from 160 to 720 kg/m
3 
(Bazant, 2001; Bazant and Baweja, 2001; Bazant and Li, 2008). 
 
         (9.21) 
      (9.22) 
  
      (9.23) 
   (9.24) 
    (9.25) 
    (9.26) 
; 46.4      (9.27a) 
 ; 0.84        (9.27b) 
=8.17        (9.27c) 
       (9.28) 
        (9.29) 
 
where 
 is the compressive strength of concrete at 28 days   
t  is the age of concrete in days 
 is the age of concrete when drying commenced  
      (9.20)  
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h is humidity in decimals 
 is the compliance function for basic creep (i.e. creep at constant moisture content) 
 is compliance function for simultaneous drying  
 is the calculated creep coefficient at a given age 
S(t) is time-dependent factor 
 is notional ultimate shrinkage strain (10
-6
) 
 is modulus of elasticity of concrete at the age of   
 is the creep compliance, presenting the total stress-dependent strain per unit stress 
 is the aggregate-cement ratio 
 is the water-cement ratio 
 
 
g) Muller Model 
 
The Muller Model was proposed by Muller et al. and it is used for prediction for normal and 
high-performance concrete (Muller et al., 1999). This model is closely related to the CEB-FIP 
model code 1990 formulations. This model is restricted to normal weight plain structural 
concretes. This model is only applicable to concrete of strengths from 15 MPa to 120 MPa and 
curing periods of less than 14 days and relative humidities varying from 40% to 100%. 
 
 
        (9.30) 
 
    (9.31) 
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    (9.32) 
 
where 
 is cross-section area 
µ is the perimeter of concrete cross-section, having an area of Ac 
 is the age of concrete at the time of loading 
h is humidity in decimals 
 is the compressive strength of concrete at the age of 28 days in MPa 
 is the calculated creep coefficient at a given age 
 
 
h) GL 2000 Model 
 
The GL 2000 Model was presented by Gardner and Lockman (2001) and is a modification of the 
GZ model by Gardner and Zhao (1993). The model is applicable to concretes of characteristic 
strengths of less than 70 MPa and w/c ratios varying from 0.40 to 0.60 (Gardner and Lockman, 
2001; Gardner, 2004). 
 
 
  ]    (9.33) 
 
 
      (9.34) 
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where 
 is a creep coefficient correction factor for drying before loading commenced 
t  is the age of concrete in days  
 is the age of concrete at loading 
 is curing time in days 
h is humidity in decimals 
 is the volume-to-surface area ratio in mm 
 is the calculated creep coefficient at a given age 
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Figure 9.6: Comparison of creep coefficients of the experimental results of three types of 
concrete with the values predicted by different models versus age (days). 
 
 
Figure 9.6 shows that all the experimental results for creep coefficients are between the 
predicted values for all models. The experimental results of OPC concrete have similar values of 
creep coefficients to the AS 3600, Eurocode 2 , CEB-FIP and GL 2000 models; whereas both the 
experimental results for UFFA concrete and raw fly ash concrete have similar values of creep 
coefficient to the results for the ACI-209, BS 8110, B3 and Muller models. However, UFFA 
concrete has slightly lower values of creep coefficient than the raw fly ash concrete at later ages. 
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9.3  Drying Shrinkage 
 
A new horizontal length comparator was purchased specifically for the project to repeat the 
measurements of drying shrinkage. The drying shrinkage test was conducted according to the 
Australian Standard, AS 1012.13-1992, Methods of testing concrete - Determination of the 
drying shrinkage of concrete for samples prepared in the field or in the laboratory. The drying 
shrinkage behaviour of concrete was studied for OPC, raw fly ash and UFFA. The test specimens 
used for drying shrinkage testing were 75 × 75 × 280 mm prisms with gauge studs at both ends. 
For each mix, three 100 × 200 mm cylindrical specimens were also prepared for each 
compressive strength test at concrete ages of 7, 28 and 56 days. The average compressive 
strength results are given in Table 9.2. 
 
All the methods of manufacturing, curing and measuring the shrinkage strains of test specimens 
were the same as those presented in Chapters 6 and 7. The measurements of shrinkage strains 
started on the seventh day after casting the concrete and were continued once a week for two 
months and then once a month for one year. All the specimens were kept in a humidity chamber 
at 50% relative humidity at about 23
o
C during the whole period of drying shrinkage testing. 
 
 
9.3.1  Drying Shrinkage Results 
 
The shrinkage strains of test specimens were measured for drying shrinkage testing for one year. 
All the results were compared with AS 3600 shrinkage strain values. The experimental results 
for drying shrinkage (in microstrain) of OPC concrete and 65% fly ash concrete compared with 
AS 3600 predicted values are illustrated in Figures 9.7. Figures 9.8, 9.9 and 9.10 show 
comparisons of measured shrinkage strain results with AS 3600 predicted values for OPC 
concrete, raw fly ash concrete and UFFA concrete respectively. The age ‘zero’ in the graphs of 
all the shrinkage results indicates seven days after casting the concrete specimens when the 
initial measurements were taken.  
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Figure 9.7: Drying shrinkage (microstrain) of OPC concrete and HVFA (65%) concrete 
versus age (days), compared with AS 3600 predicted values for each type of concrete. The 
age ‘zero’ represents seven days after casting when the initial measurements were taken.  
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Figure 9.8: Comparison of measured drying shrinkage (microstrain) with AS 3600 
predicted values for OPC concrete versus age (days). The age ‘zero’ represents seven days 
after casting when the initial measurements were taken.  
 
 
Figure 9.9: Comparison of measured drying shrinkage (microstrain) with AS 3600 
predicted values for raw fly ash concrete versus age (days). The age ‘zero’ represents seven 
days after casting when the initial measurements were taken.  
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Figure 9.10: Comparison of measured drying shrinkage (microstrain) with AS 3600 
predicted values for ultra-fine fly ash (UFFA) concrete versus age (days). The age ‘zero’ 
represents seven days after casting when the initial measurements were taken.  
 
 
The drying shrinkage test results in Figure 9.7 show that the UFFA concrete has high shrinkage 
strain values compared to OPC concrete. UFFA has almost double the shrinkage strain values of 
OPC concrete. Both the HVFA concretes show much higher shrinkage strains than the OPC 
concrete. It is also clearly shown in Figures 9.9 and 9.10 that the experimental results of HVFA 
concrete are almost double those of the AS 3600 predicted values at later ages. 
 
The experimental results of the drying shrinkage strains for all three types of concrete fluctuated 
slightly over the test period. This reversible shrinkage or swelling of concrete may be due to 
moisture movement between the environment and the concrete. The measured shrinkage values 
of OPC concrete were close to all AS 3600 predicted values, which indicates the accuracy of 
measurement. Figure 9.8 shows that the OPC concrete has similar shrinkage strains to the AS 
3600 values of OPC concrete at early ages but slightly higher values at later ages.  
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UFFA concrete mix appears to show to the highest shrinkage strains during the whole test period. 
The higher shrinkage strains of HVFA concrete appear to be the only major issue when 
compared with OPC concrete.  
 
In order to confirm the observations, shrinkage values of the control creep cylinders were 
compared and the results are shown in Figure 9.11. 
 
 
 
Figure 9.11: Shrinkage (microstrain) measured on unloaded creep specimens for OPC 
concrete and HVFA (65%) concrete versus age (days).  
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Figure 9.11 shows the shrinkage strains of control creep specimens for OPC concrete and HVFA 
concrete versus age of concrete. The shrinkage test results for control creep specimens are 
different from the results of shrinkage in the experimental work and the AS 3600 predicted 
values, as shown in Figure 9.7. The results show that the OPC concrete has the highest 
shrinkage strain values, while the UFFA concrete has the lowest shrinkage strain values at later 
ages. However, all the values are relatively close. The lower shrinkage values of HVFA concrete 
appear to be consistent with the lower creep values of HVFA concrete.  
 
 
 
Figure 9.12: Adjusted shrinkage (microstrain) of unloaded creep specimens for OPC 
concrete and HVFA (65%) concrete versus age (days).  
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It is quite interesting that the drying shrinkages of control creep specimens were significantly 
different to the standard drying shrinkage of HVFA concrete. There are two possible reasons for 
this: 
 
(a) The theoretical thickness was different in the two specimens. The control creep 
specimens were 100 × 200 mm cylinders with th = 50 mm and the drying shrinkage 
specimens were 75 × 75 × 280 mm prisms with th = 37.5 mm. 
 
(b) The control creep specimens were taken out of water at 14 days and measurements 
started at 28 days, whereas the drying shrinkage specimens were removed from water at 7 
days.  
The first 7 days of drying could have been missed, which led to lower drying shrinkage 
results for the control creep cylinders. 
 
Figure 9.12 shows the adjusted shrinkage strains of control creep specimens for OPC concrete 
and HVFA concrete versus age of concrete. The original values were adjusted to allow for the 
difference in hypothetical thickness of the prisms and creep cylinders. However, the HVFA 
concrete still shows low drying shrinkage. 
 
This is an area where further investigation will be needed to confirm the drying shrinkage of 
HVFA concrete. Due to the long-term nature of measurements, repeating the drying shrinkage 
testing for a third time was not possible. This issue is further discussed in Section 9.3.3 below. 
 
 
9.3.2  Comparison of Drying Shrinkage Test Results with Predictions of different 
Models 
 
The same eight models were used to predict and compare the drying shrinkage of concrete as 
those used previously for creep. The details of the models and the calculation of the drying 
shrinkage were given in Chapter 6. The measured drying shrinkage strains of three types of 
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concrete were compared with the predictions by the eight models and the results are presented in 
Figure 9.14. 
 
 
a) AS 3600 Model 
b) Eurocode 2 Model 
c) BS 8110 Model 
d) ACI-209 Model 
e) CEB-FIP Model 
f) B3 Model 
g) Muller Model 
h) GL 2000 Model 
 
 
a) AS 3600 Model 
 
AS 3600 is the national standard for Australia and it was developed by Committee BD-002 (AS 
3600, 2009). It is restricted to normal and high-strength concrete of strengths varying from 20 
MPa to 100 MPa. 
       
         (9.35) 
        (9.36) 
       (9.37) 
         (9.38) 
 
where 
=        (9.39) 
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 = (0.7 arid environment, 0.65 interior environment, 0.6 temperate inland environment, 0.5 
tropical or near-coastal environment) 
 = 2A/           (9.40) 
       (9.41) 
 = (Sydney and Brisbane 800 x 10
-6
, Melbourne 900 x 10
-6
,  elsewhere 1000 x 10
-6
) 
 
where 
 is the design shrinkage strain 
 is the autogenous shrinkage strain  
 is the drying shrinkage strain 
 is the final autogenous shrinkage strain 
 is the theoretical thickness 
t  is the age of concrete in days  
 is the characteristic compressive strength of concrete at 28 days 
 is the basic drying shrinkage strain  
 is the final drying basic shrinkage strain  
 
 
b) Eurocode 2 Model 
 
Eurocode 2 was prepared by the European Committee for Standardization (CEN) and it is the 
national standard for some European countries (Eurocode 2-Part 1, 2004; Eurocode 2-Part 2, 
2005). It is restricted to ordinary concrete structures at relative humidities varying from 40% to 
100% and mean temperatures from 10
o
C to 20
o
C. 
 
- ) =         (9.42) 
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         (9.43) 
 = ]       (9.44)  
 
  = 4 for slowly hardening cements, S      (9.45) 
       = 5 for normal or rapid hardening cements, NR 
       = 8 for rapid hardening high-strength cements, RS 
        
     (9.46) 
               ( +0.25     for  RH  >  99 %  (Immersed in water )   
 
         (9.47) 
 =      (9.48) 
  =  2A/           (9.49)   
 
where 
- ) is the ultimate shrinkage strain  
t  is the age of concrete in days 
 is the age of concrete at beginning of shrinkage 
 is the characteristic compressive strength of concrete at 28 days  
 is the concrete type correction factor 
 is the notional shrinkage coefficient 
 is the coefficient to describe the development of shrinkage with time 
 is the hypothetical thickness of the specimen 
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c) BS 8110 Model 
 
BS 8110 is the national standard for the UK and it is also used in some Commonwealth countries 
(BS 8110-Part 2, 1985). It is restricted to normal and high-strength concrete at ambient 
humidities varying from 20% to 100%. Figure 9.13 shows the 6-month and 30-year shrinkages. 
 
 
 
Figure 9.13: Drying shrinkage of normal weight concrete, 6-month shrinkage and 30-year 
shrinkage (BS 8110-Part 2, 1985). 
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d) ACI -209 R-92 Model 
 
This model was originally developed by Branson and Christianson (1971) and it was modified by 
ACI Committee 209 (ACI 209.2R-08, 2008; ACI 209R-92, 1997). This formula is suitable for 
normal- and light-weight concrete. The model is restricted to normal- and high-strength concrete 
cement at relative humidities of 40% to 100%. 
 
        (9.50) 
 
where 
 =  780 x 10
-6
 for standard condition  
Tc =  35 days for moist-cured, 55 days for steam-cured  
 is the ultimate shrinkage strain 
 is the notional ultimate shrinkage strain 
t is the age of concrete in days 
 is age of concrete when shrinkage starts 
 
 
e) CEP-FIP Model Code 1990 
 
The model was developed by CEB and FIP and is restricted to ordinary structural concretes of 
strengths varying from 12 MPa to 80 MPa, humidities of 40% to 100% and mean temperatures 
from 5
o
C to 30
o
C (CEB-FIP Model Code 1990, 1993). 
 
  (9.51) 
                   (9.52) 
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  = 4 for slowly hardening cements 
       = 5 for normal or rapid hardening cements 
       = 8 for rapid hardening high-strength cements 
 
where 
 is calculated as ultimate shrinkage strain 
 is the characteristic strength at 28 days 
 is the cross-section area in mm
2
 
 is the perimeter in contact with atmosphere in relative humidity correction factor and it is 
constant 
 is relative humidity in percent  
 is the age of concrete in days  
 is the age of concrete when shrinkage starts 
 
 
f) B3 Model 
 
The B3 Model is an improved version of the BP model (Bazant and Panula, 1978) and the BP-
KX model (Bazant et al., 1992). The model is restricted to Portland cement of strengths varying 
from 17 to 70 MPa, w/c ratios from 0.30 to 0.85, a/c ratios from 2.5 to 13.5 and cement contents 
from 160 to 720 kg/m
3
. The factors considered include age of concrete, age of concrete at 
loading, aggregate content, cement type, compressive strength, curing method, humidity, shape 
of specimen, v/s ratio and water content in concrete (Bazant, 2001; Bazant and Baweja, 2001; 
Bazant and Li, 2008). 
 
        (9.53) 
     (9.54) 
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         (9.55) 
      (9.56) 
        (9.57) 
 
   =   1.00  for an infinite slab 
            1.15 for an infinite cylinder 
            1.25  for an infinite square prism  
            1.30  for a sphere 
            1.55  for a cube  
 
α1  =    1.00 for type I cement (Normal Portland cement, for general use) 
            0.85  for type II cement (use when heat build-up is a concern) 
            1.10  for type III cement (High early strength) 
 
α2  =    0.75 for steam-curing  
            1.20  for sealed or normal curing in air with initial protection against drying 
            1.00  for curing in water or at 100% relative humidity 
 
 
Table 9.4: Relative humidity dependence of B3 Model (ACI Committee 209 Report). 
 
 
 
 
 
 
where 
 is the ultimate shrinkage strain at a given age 
 is notional ultimate shrinkage strain (10
-6
)  
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w  is the water content in concrete, kg/m
3
 
 is the compressive strength of concrete at 28 days 
S(t) is the time-dependent factor 
α1 is the cement type correction factor 
α2 is the curing condition factor 
h  is humidity in decimals 
 is the cross-section shape factor 
 is the shrinkage half time (days) 
 is a factor which depends on relative humidity 
 
 
g) Muller Model 
 
The Muller model was proposed by Muller et al. and it is used for prediction for normal and 
high-performance concrete (Muller et al., 1999). This model is closely related to the CEB-FIP 
model code 1990 formulations. This model is restricted to normal-weight plain structural 
concretes and is only applicable to concrete of strengths from 15 MPa to 120 MPa, curing 
periods of less than 14 days and relative humidities ranging from 40% to 100%. 
 
 
 
                   (9.58) 
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Table 9.5: Coefficient value for Muller Model (ACI Committee 209 Report). 
  
 
 
 
 
 
 
 
where 
 is the ultimate shrinkage strain at a given age 
 is the compressive strength at 28 days 
 is the age of concrete 
 is the age of concrete when drying commenced 
 is the cross-section area 
 is the perimeter in contact with the atmosphere in relative humidity correction factor and it is 
constant and assumed to be 0.6 
 is the factor which depends on type of cement 
 is constant and depends on relative humidity 
 
 
h) GL 2000 Model 
 
The GL 2000 Model was presented by Gardner and Lockman (2001) and is a modification of the 
GZ model of Gardner and Zhao (1993). The model is applicable to concretes of characteristic 
strengths of less than 70 MPa and w/c ratios ranging from 0.40 to 0.60 (Gardner and Lockman, 
2001; Gardner, 2004). 
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     (9.59) 
        (9.60) 
 
=    1.00 for type I cement (Normal Portland cement, for general use) 
         0.75 for type II cement (use when heat build-up is a concern) 
         1.15  for type III cement (High early strength) 
 
where 
 is the ultimate shrinkage strain at a given age 
 is notional ultimate shrinkage strain (10
-6
)  
 is humidity in decimal 
 is the age of concrete in days 
 is the curing time 
 is the characteristic strength of concrete at 28 days  
 is the volume-to-surface ratio 
 is the cement type correction factor 
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Figure 9.14: Comparison of shrinkage of the experimental results of three types of concrete 
with the values predicted by different models versus age (days). 
 
 
It can be seen from Figure 9.14 that both the experimental shrinkage strain values of HVFA 
concrete are significantly higher than the OPC concrete and all the predicted values of the 
different models. UFFA concrete undergoes the highest drying shrinkage, followed by raw fly 
ash concrete. Among all the predicted values, the BS 8110 Model shows the lowest values of 
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drying shrinkage. This may be due to the different values of effective section thickness used in 
the prediction of the BS 8110 Model and other models and the experimental study. The predicted 
values of four models, AS 3600, Eurocode 2, ACI-209 and GL 2000, are relatively close to the 
measured values of OPC concrete. The other three models show lower predicted strain values but 
higher than the predicted values of the BS 8110 Model. The CEB-FIP and Muller models very 
closely predict the drying shrinkage strain values of OPC concrete. 
 
 
9.3.3  Discussion on Drying Shrinkage of HVFA Concrete 
 
The high drying shrinkage values observed in the standard drying shrinkage tests require further 
exploration. This appears to be the only weakness in HVFA concrete with 65% cement replaced 
with fly ash.  
 
Table 9.6 presents the reported results of drying shrinkage of HVFA concrete, which do not 
show high drying shrinkage values. 
 
 232 
 
Table 9.6: Comparison of creep and drying shrinkage properties of fly ash concrete from literature review. 
 
References % 
Fly 
ash 
Cement 
content 
(kg/m
3
) 
w/c Compressive 
strength 
(MPa) 
Others 
Creep 
(microstrain
) (12 months 
(mth)) 
Drying shrinkage (microstrain) (days 
(d), months (mth)) 
28 days(d) 
(Ghosh and 
Timusk, 
1981) 
50 154 0.52 22.96  
317  
155 0.50 24.18  
333  
(Kumar et 
al., 2007a) 
60 160 0.40   
 492 
160 0.34  Superplasticiser 
 315 
160 0.30  Superplasticiser 
 242 
(Zhou et al., 
2008) 
11 470 0.32 79.8 Natural sand 
 7d 14d 28d 56d 90d 180d 
170 235 317 404 445 475 
74.7 Manufactured sand 
 203 271 319 409 468 496 
79.7 Manufactured sand 
 207 282 341 433 488 518 
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Table 9.6: Comparison of creep and drying shrinkage properties of fly ash concrete from literature review. 
(Khayat and 
Long, 2010) 
20  0.38  
Polycarboxylate-based 
high-range water-
reducing (HRWR) 
admixture and an 
organic, thickening-
type viscosity-
modifying admixture 
(VMA) 
 28d 252d 300d 
380 625 630 
(Bouzoubaâ 
et al., 2001) 
55 168 0.32 24.0 Superplasticiser 
 7d 14d 28d 56d 112d 224d 
142 258 272 341 414 403 
(McCarthy 
and Dhir, 
2005) 
45 195 0.48 35  
12 mth 12mth 
 
465 
245 0.38 50 Superplasticiser 
600 545 
335 0.28 70  
 600 
245 0.38 50  
660 530 
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Table 9.6: Comparison of creep and drying shrinkage properties of fly ash concrete from literature review. 
(Atis, 2003) 70 120 0.28 33.25 Superplasticiser 
 7d 28d 56d 3mth 6mth 
144 231 294 350 394 
0.29 30.55  
 100 163 200 225 263 
50 200 0.33 57.00 Superplasticiser 
 153 256 319 363 413 
0.30 66.55  
 113 169 213 256 294 
(Gupta et 
al., 2009) 
 
 
10    With different 
aggregates 
 
7d 28d  56d  90d  
2.14 6.43 10.00 11.43 
1.78 5.36 8.93 10.71 
1.78 5.71 8.93 10.71 
1.43 5.36 8.57 10.00 
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It can be seen that the shrinkage strains of the concrete increase with time. McCarthy and Dhir 
(2005) have reported that high volumes of fly ash have no effect on drying shrinkage of concrete. 
However, the creep strain of the concrete made with superplasticiser shows lower values than 
concrete made without superplasticiser. The overall results of research on HVFA concrete show 
that either comparable or improved performance is attained compared with Portland cement 
concrete (McCarthy and Dhir, 2005). 
 
Kumar et al. (2007a) revealed that fly ash mixes exhibit less drying shrinkage compared with the 
control mixes. The use of fly ash as partial replacement for cement may reduce the creep and 
drying shrinkage of concrete as a result of the greater long-term strength development due to the 
pozzolanic reaction of fly ash (Zhou et al., 2008). Drying shrinkage may decrease with 
increasing amount of fly ash and decreasing w/c ratio (Kumar et al., 2007a). 
 
In addition, the research work of Atis (2003) demonstrated that HVFA concrete mixes made with 
optimum water content show significantly lower shrinkage values when compared to OPC 
concrete, whereas concrete made with superplasticiser shows higher shrinkage than concrete 
made without superplasticiser (Atis, 2003; McCarthy and Dhir, 2005). Gupta et al. (2009) 
reported that the shrinkage strains of concrete with 10% of cement replacement with fly ash at 
different ages are 6 to 10 per cent more than the shrinkage strains of concrete without fly ash. 
The creep and drying shrinkage results from Table 9.6 show that fly ash can be employed to 
replace cement content in concrete. 
 
The major difference in the work reported here is the utilisation of additional lime to activate fly 
ash. A second literature review was conducted to examine the effect of lime on drying shrinkage. 
Beltzung et al. (2001) observed that the presence of Ca(OH)2 at early ages can increase the 
drying shrinkage of concrete. This is the possible explanation for the high drying shrinkage 
observed in 7-day old prisms. The shrinkage of 28 day old cylinders did not show the high 
drying shrinkage observed in the prisms. Therefore, it may be concluded that when the alkali 
content is high in concrete, the drying shrinkage may be higher. As a result, curing in the first 14 
days is very important in HVFA concrete to ensure that shrinkage strains are controlled. 
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9.4  Summary 
 
The long-term properties of OPC concrete with tap water and HVFA concrete with limewater 3, 
such as creep and drying shrinkage properties, were tested according to Australian Standards for 
one year. The three types of concrete tested were OPC concrete, raw fly ash concrete and UFFA 
concrete. Eight different models were used to predict and compare the results for creep and 
drying shrinkage.  
 
Based on the experimental creep test results, OPC concrete shows the highest creep strain values. 
Both the HVFA concretes have much lower creep values than OPC concrete. Both the raw fly 
ash concrete and UFFA concrete have similar creep results. However, UFFA concrete shows 
slightly lower creep strains than the raw fly ash concrete at later ages. The lower creep values of 
HVFA concrete indicate that the long-term deflections of concrete structures could be reduced. 
 
Furthermore, all the experimental results of creep coefficients are significantly lower than the 
values predicted by eight models from the research literature. Of all the predicted values, the AS 
3600 model showed the highest values of creep coefficient. Both the experimental results of 
UFFA concrete and raw fly ash concrete have similar values of creep coefficient and are smaller 
than those for OPC concrete and all other models. UFFA concrete has slightly lower values of 
creep coefficient than the raw fly ash concrete at later ages. 
 
On the other hand, the drying shrinkage test results show that the UFFA concrete has the highest 
shrinkage strain values, while the OPC concrete has the lowest shrinkage strain values. Both the 
HVFA concretes in the experimental work showed much higher shrinkage strains than the OPC 
concrete. The experimental results of HVFA concrete are almost double the AS 3600 predicted 
values at later ages. OPC concrete has similar shrinkage strains to the AS 3600 values of OPC 
concrete at early ages but slightly higher values at later ages. Of all the AS 3600 predicted values, 
raw fly ash concrete demonstrates the lowest shrinkage strain values.  
 
The drying shrinkage test results from unloaded creep specimens showed different results from 
the experimental work and the AS 3600 predicted values. The results show that the OPC 
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concrete has the highest shrinkage strain values, while the UFFA concrete has the lowest 
shrinkage strain values at later ages. The lower shrinkage values of HVFA concrete appear to be 
similar to the results for lower creep values of HVFA concrete and are consistent with other 
published research.  
 
In addition, both the experimental drying shrinkage strain values of HVFA concrete are 
significantly higher than those for OPC concrete and all the predicted values of eight models 
selected from the research literature. UFFA concrete undergoes the highest drying shrinkage, 
followed by raw fly ash concrete. The predicted values of four models, AS 3600, Eurocode 2, 
ACI-209 and GL 2000, are relatively close to the measured values of OPC concrete. The other 
three models show lower strain values but higher than the values produced by the BS 8110 
Model. The CEB-FIP and Muller models very closely predict the drying shrinkage strain values. 
 
The creep and drying shrinkage properties of fly ash concrete from the literature review were 
studied. The amount of fly ash as cement replacement, w/c ratio and the use of superplasticiser 
affect the creep and drying shrinkage of HVFA concrete. However, the overall results of research 
on the HVFA concrete showed that either comparable or improved performance was achieved. 
The use of fly ash as partial cement replacement may reduce the creep and drying shrinkage of 
concrete.  
 
The drying shrinkage tests revealed different results from the creep tests. UFFA concrete appears 
to lead to the highest values in shrinkage strains but the lowest in creep strains. Since drying 
shrinkage deformation is one of the most important factors that cause cracking of concrete 
materials, the higher shrinkage strains of HVFA concrete appear to be the main concern 
compared to equivalent OPC concrete. The lower drying shrinkage observed in cylinders 
removed from curing at 14 days indicates that the problem can be overcome by adequate curing 
at early ages. 
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CHAPTER 10 
 
 
CONCLUSIONS AND RECOMMENDATIONS  
 
 
10.1  Introduction 
 
 
The main aim of this thesis was to develop a high-volume fly ash (HVFA) concrete mix with 
over 60% of cement replaced by fly ash, with good mechanical properties. This objective has 
been achieved through a systematic program of research. 
 
 
10.2  Literature Review 
 
The literature review comprised three components. First, the use of fly ash in concrete was 
examined in general. Then, research on two specific classes of concrete: geopolymer concrete 
and high-volume fly ash (HVFA) concrete was reviewed. This led to an understanding of the 
important parameters: mix design, properties of fly ash, methods of mixing, limitations of current 
practice and typical properties. At the end of the literature review, three specific observations 
were made. 
 
(a) The amount of lime from cement hydration may be inadequate to initiate the pozzolanic 
reaction in HVFA concrete. Hence, the addition of additional lime is one approach to 
increase the efficiency of HVFA mixes. 
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(b) Reducing the particle size of fly ash is a measure to improve strength. This is because it 
has been observed that fly ash particles larger than 10 µm do not contribute to the 
pozzolanic reaction. 
 
(c) To increase the reaction, increasing the temperature of the mixing water can be 
examined. 
 
 
10.3  Trial Mixes with High-Volume Fly Ash (HVFA) 
 
In Stage one of the study, three different cement replacement levels: 50%, 65% and 80% were 
examined. 
 
All mix designs utilised Type I Portland cement, class F fly ash from Tarong power station, 
coarse aggregate of 10 mm max. size, fine aggregate of 4.75 mm max. size and a high-range 
water reducer aqueous solution of sodium naphthalene formaldehyde sulphonate (Sikament NN). 
Two different particle sizes of fly ash were examined: ultra-fine fly ash (UFFA) and raw fly ash. 
Further, three different concentrations of limewater were examined as a means of introducing 
additional lime into the mix. 
 
Seventeen mix proportions of 50%, 65% and 80% of HVFA concrete and OPC concrete were 
trialled in Stage one. All the preparation, manufacture, mixing and curing procedures of the 
concrete specimens were conducted in accordance with the Australian Standards.  
 
The slump results of the fresh concrete mixes had values ranging from 65 mm to 85 mm, which 
is usually considered as medium workability. Contrary to published work, the workability of 
HVFA mixes was observed to be lower in the presence of limewater compared to OPC concrete. 
 
SEM analysis indicated that even with additional limewater, unreacted fly ash particles are 
present in the mixes even at 28 days. This was confirmed by calculation of the amount of lime 
required to activate high volumes of fly ash. EDAX analysis showed that OPC concrete has the 
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highest Ca/Si ratio, while UFFA concrete has the lowest Ca/Si ratio, indicating that Ca(OH)2 is 
consumed by the pozzolanic reaction. 
 
The results of Stage 1 of the study confirmed the hypothesis that UFFA combined with 
limewater 3 (the highest concentration of limewater) enhances the pozzolanic reaction, thus 
enabling the development of 65% replacement of cement by fly ash without compromising the 
compressive strength when compared to OPC concrete. 50% and 65% UFFA concrete have 
much higher compressive strengths when compared with raw fly ash concrete with the same 
concentration of limewater as mixing water.  
 
80% replacement of cement by fly ash showed lower compressive strength than OPC concrete, 
50% and 65% fly ash concrete. This observation confirms the analytical results where the 
amount of lime required to activate fly ash was observed to be much higher than that provided by 
limewater 3. 
 
The mechanical properties of the optimum mix where 65% cement is replaced by fly ash were 
observed to be similar or superior to those of OPC concrete. The moduli of elasticity of most of 
the HVFA concretes were higher than the modulus of elasticity of the OPC concrete. The results 
of the modulus of elasticity testing also demonstrated that using smaller particle sized fly ash and 
higher concentration of limewater produce higher modulus of elasticity. This could lead to lower 
deformations in concrete structures. The flexural strength results revealed that the use of UFFA 
as cement replacement and higher concentration of limewater produce higher flexural strength of 
concrete when compared with the use of raw fly ash. 
 
All the drying shrinkage test results of Stage one of the study showed erratic behaviour. The tests 
were repeated and measured for longer periods in Stage 3 to ascertain whether this was a 
procedural issue or an indication of the behaviour of the material. 
 
Increasing the temperature of mixing water led to unsuccessful mixes where the mixes did not 
set in 24 hours. Therefore, the hypothesis that the temperature of the mixing water will lead to 
enhanced pozzolanic reaction was rejected. 
 241 
 
 
Work has demonstrated that the replacement of cement with fly ash at a level of 65% is possible 
without an accompanying reduction in either strength or strength development compared to 
OPC. 65% fly ash concrete with limewater 3 was chosen as the optimum mix proportion for 
further testing. 
 
 
10.4 Short-term Properties of 65% HVFA Concrete 
 
Stage Two of the study involved testing the properties of OPC concrete with tap water and 65% 
HVFA concrete with limewater 3.  
 
Two types of fly ash, raw and UFFA, were used in manufacturing HVFA concrete. The slumps 
of the concrete mixes ranged from 30 mm to 110 mm. HVFA concrete mixes have low to 
medium workability. OPC concrete had slump of 100 mm whereas raw fly ash concrete showed 
slumps of 30 mm and 50 mm. UFFA concrete showed slumps of 65 mm and 70 mm.  
 
Stage 2 experiments indicated another challenge: the replicability of HVFA mixes. The 
underlying reason was identified as the change in type and size of aggregates, which affected the 
workability of concrete. HVFA concrete is highly sensitive to the particle size distribution of 
both fine and coarse aggregates. Careful attention should be given to the type and size of 
aggregates used in mix designs. All the materials and manufacturing processes of HVFA 
concrete need to be carefully selected and followed. 
 
Laboratory measurements of modulus of elasticity are sensitive to the method of measurement. 
Hence, a subsidiary investigation was conducted to ascertain the accuracy of the testing methods. 
Two methods, using a compressometer and strain gauges, were used to measure the modulus of 
elasticity of concrete. From both the results of elastic modulus by compressometer and strain 
gauge, HVFA concrete showed superior elastic moduli when compared with OPC concrete. All 
the elastic modulus values of HVFA concrete were observed to be higher than those predicted 
using the AS 3600 (2009) equations.  
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The flexural strengths of all the HVFA concretes were relatively close to those of OPC concrete. 
The use of UFFA did not show much difference in flexural strength compared with the use of 
raw fly ash. Most flexural strengths of HVFA concrete were higher than those predicted using 
AS 3600 (2009) for OPC concrete. 
 
HVFA concrete has superior tensile strength compared to OPC concrete, especially at later ages. 
All the tensile strength values of HVFA concrete were higher than those predicted by AS 3600 
(2009) for OPC concrete.  
 
 
10.5  Long-term Properties  
 
The long-term properties of OPC concrete with tap water and 65% HVFA concrete with 
limewater 3, such as creep and drying shrinkage properties, were tested according to Australian 
Standards for one year. 
 
It was observed that OPC concrete showed the highest creep strain values of the three mixes 
studied: OPC, HVFA with raw fly ash and HVFA with UFFA. HVFA concrete has about 50% 
lower creep than OPC concrete, which could lead to a reduction in long-term deflections of 
concrete structures. Of all the AS 3600 predicted values of creep strains, OPC concrete showed 
the highest creep values. Both the AS 3600 predicted values of HVFA concrete were about 50% 
higher than the experimental results of HVFA concrete. 
 
All the creep coefficients of experimental results are significantly smaller than the predicted 
values of all eight models. The predicted values of all models are about double to triple the creep 
coefficients of the experimental results.  
 
Of the eight models considered, AS 3600 showed the highest values of creep coefficient. Both 
the experimental results of UFFA concrete and raw fly ash concrete have similar values of creep 
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coefficient and are smaller than OPC concrete and all other models. UFFA concrete has slightly 
lower values of creep coefficient than raw fly ash concrete at later ages. 
 
Drying shrinkage test results showed that UFFA concrete has the highest shrinkage strain values 
while OPC concrete has the lowest shrinkage strain values. Both the HVFA concretes in this 
study showed much higher shrinkage strains than OPC concrete. The experimental results of 
HVFA concrete are almost double the AS 3600 predicted values at later ages. Of all the AS 3600 
predicted values, raw fly ash concrete demonstrated the lowest shrinkage strain values.  
 
In order to confirm this observation, the drying shrinkage results of unloaded creep specimens 
were examined. They showed different results from the strains measured on standard prisms. The 
results showed that OPC concrete has the highest shrinkage strain values, while UFFA concrete 
has the lowest shrinkage strain values at later ages. The lower shrinkage values of HVFA 
concrete appear to be similar to the results of lower creep values of HVFA concrete. 
 
Results observed for the cylinders were adjusted for the size effect to confirm the observed 
difference between drying shrinkage of cylinders and prisms. This confirmed that the cylinders 
in fact had lower drying shrinkage than the prisms. None of the published work on HVFA 
concrete to date has shown high drying shrinkages compared to OPC concrete. The only 
explanation came from a paper published by Beltzung et al. (2001), where the presence of high 
alkali content was observed to increase drying shrinkage. This is possibly the reason for the 
observed lower shrinkage in the cylinders, since they were dried for 28 days.  
 
The predicted values of four models, AS 3600, Eurocode 2, ACI-209 and GL 2000, were 
relatively close to the measured values of OPC concrete. The other three models showed lower 
strain values but higher than the values of BS 8100. The CEB-FIP and Muller models very 
closely predicted the drying shrinkage strain values. 
 
The only major issue identified is the larger drying shrinkage of HVFA concrete compared to 
equivalent OPC concrete. Although the average strength of HVFA concrete was acceptable, the 
drying shrinkage of over 1000 microstrains provision of AS 3600 made the concrete not suitable 
 244 
 
for some structural applications. However, the lower drying shrinkage of cylinders which were 
taken out of water after 14 days indicates that early drying shrinkage can be reduced by 
appropriate curing. 
 
HVFA concrete with 65% of cement replaced with fly ash can be produced using normal 
production processes. The material can be produced with both raw fly ash and UFFA. The only 
additional additive required is an inexpensive form of hydrated lime.  
 
 
10.6  Contribution to Knowledge and Limitations of the Work 
 
 Research program presented here developed a new high-volume fly ash concrete which 
has 65% of the cement replaced by fly ash. The new concrete product has similar 
mechanical properties to those of ordinary Portland cement concrete. The new material 
uses additional lime to enhance the reaction of fly ash added to the mix. The new product 
is superior to Geopolymer concrete since it does not require heat curing to achieve the 
compressive strength. 
 
 Due to the time constraints, durability of the new material has not been investigated in 
detail. However, research on 50% replacement of cement by fly ash has shown that the 
durability properties are superior to those of OPC concrete. Further research can be 
conducted to examine the enhancement of activation to derive reliability and repeatability 
of the proposed mix design. 
 
 
10.7  Recommendations for Future Research 
 
Due to the time constraints of this research, further studies can be conducted to determine and 
improve the properties of concrete with the use of higher volumes of fly ash as cement 
replacement as follows: 
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 Further studies can be conducted on increasing the percentage of cement replacement 
with fly ash in concrete without compromising its compressive strength.  
 Further investigations can be conducted on different concentrations of limewater as 
mixing water and the aggregate combinations used in manufacturing HVFA concrete of 
over 65% of fly ash content to achieve optimum strength properties. 
 Durability properties need to be investigated for HVFA concrete of over 65% of fly ash 
content with limewater as mixing water. 
 The addition of basalt fibre as strengthening material in the manufacture of HVFA 
concrete with over 65% of fly ash content could be studied.  
 Long-term properties such as creep and drying shrinkage of HVFA concrete with over 
65% fly ash content need to be explored in more detail.  
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Appendix A.1: Mix design of high-volume raw fly ash concrete  
 
 
                
Mix Design Sheet – High-volume raw fly ash mix 
     
  
  
       
  
Table A 
Spec. 
Gravity % 
   
% 
Cement 3 35 
 
Aggregate GSSD wabs wtot wh 
Fly ash 2.1 65 
 
Coarse 2.62 1.23 0.5 -0.7 
Ultra fine fly ash     
 
Fine 2.47 1.07 1 -0.1 
  
   
wh=wtot - wabs 
   
  
  
   
M = MSSD x (1+wh) 
   
  
Superplasticiser 
  
 
     
  
Gsup 
Solid 
dosage, s 
(%) 
 
 
 
  
  
  
1.2 40 4.95 10.3125 7.425 2.8875 
  
  
  
       
  
  1 2 3 4 5 6   
Materials Content Volume Dosage SSD 
Water 
correction Composition (m
3
)   
  (kg/m
3
) (litre/m
3
) (kg/m
3
) (litre/m
3
) 1 m
3
 m
3
 m
3
 
w/b ratio 0.3             
water 135 135.00 135.00   135.2   litre 
cement 
450 
157.5 52.50 157.50   157.5   kg 
fly ash 292.5 139.29 292.50   292.5   kg 
                
                  
Coarse 
Aggregate 1000 381.68 1000.00 7.00 993.0   kg 
Fine Aggregate - 266.65 658.62 0.66 658.0   kg 
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Air 1.50% 15.00 0.00         
                
Superplasticiser 1.10%   4.95 -7.425 10.3   litre 
Lime             g 
                
                
Total   726.35   0.23       
 
 
 
Appendix A.2: Mix design of high-volume ultra-fine fly ash concrete 
 
 
                
Mix Design Sheet – High-volume ultra-fine fly ash mix 
    
  
  
       
  
Table A 
Spec. 
Gravity % 
   
% 
Cement 3 35 
 
Aggregate GSSD wabs wtot wh 
Fly ash     
 
Coarse 2.62 1.23 0.5 -0.7 
Ultra fine fly ash 2.18 65 
 
Fine 2.47 1.07 1 -0.1 
  
   
wh=wtot - wabs 
  
  
  
   
M = MSSD x (1+wh) 
  
  
Superplasticiser 
  
 
     
  
Gsup 
Solid 
dosage, s 
(%) 
    
  
  
1.2 40 3.375 7.03125 5.0625 1.96875 
  
  
  
       
  
  1 2 3 4 5 6   
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Materials Content Volume Dosage SSD 
Water 
correction Composition (m
3
)   
  (kg/m
3
) (litre/m
3
) (kg/m
3
) (litre/m
3
) 1 m
3
 m
3
 m
3
 
w/b ratio 0.3             
water 135 135.00 135.00   137.6   litre 
cement 
450 
157.5 52.50 157.50   157.5   kg 
fly ash 292.5 134.17 292.50   292.5   kg 
                
                  
Coarse 
Aggregate 1000 381.68 1000.00 7.00 993.0   kg 
Fine Aggregate - 272.68 673.51 0.67 672.8   kg 
                
Air 1.50% 15.00 0.00         
                
Superplasticiser 0.75%   3.38 -5.0625 7.0   litre 
Lime             g 
                
                
Total   720.32   2.61       
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Appendix B.1: EDAX analysis of OPC concrete 
 
  OPC concrete  
 
 
 
 Label: Electron Image 2 
Collected: 8/22/2014 3:40:42 
PM 
Input Signal: SE 
Resolution (Width): 1024 pixels 
Resolution (Height): 832 pixels 
Image Width: 149μm 
Image Height: 121μm 
Stage Tilt Degrees: 0.00° 
Specimen Tilt Degrees: 0.00° 
Software Tilt Correction: Not applied 
Magnification: 2000 x 
Number of Averaged 
Frames: 
1 
Dwell Time: 5μs 
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Appendix B.2: EDAX analysis of high-volume raw fly ash concrete 
  Raw fly ash concrete   
 
 
 
 Label: Electron Image 7 
Collected: 8/19/2014 3:56:46 
PM 
Input Signal: SE 
Resolution (Width): 1024 pixels 
Resolution (Height): 832 pixels 
Image Width: 149μm 
Image Height: 121μm 
Stage Tilt Degrees: 0.00° 
Specimen Tilt Degrees: 0.00° 
Software Tilt 
Correction: 
Not applied 
Magnification: 2000 x 
Number of Averaged 
Frames: 
1 
Dwell Time: 5μs 
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Appendix B.3: EDAX analysis of high-volume ultra-fine fly ash (UFFA) concrete 
  UFFA concrete   
 
 
 
 Label: Electron Image 1 
Collected: 8/19/2014 4:50:33 
PM 
Input Signal: SE 
Resolution (Width): 1024 pixels 
Resolution (Height): 832 pixels 
Image Width: 149μm 
Image Height: 121μm 
Stage Tilt Degrees: 0.00° 
Specimen Tilt Degrees: 0.00° 
Software Tilt Correction: Not applied 
Magnification: 2000 x 
Number of Averaged 
Frames: 
1 
Dwell Time: 5μs 
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